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THE ELECTRIC FURNACE SPECTRA OF 
VANADIUM AND CHROMIUM IN THE 
ULTRA-VIOLET 


By ARTHUR S. KING 


ABSTRACT 

Furnace spectra of vanadium, » 2340-d 3185, and of chromium, \ 2362-d 3575.— 
This paper supplements Mount Wilson Contribution, No. 94, which covered these 
spectra from the foregoing limits into the red. Temperature stages of 2000°, 2300°, 
and 2600° C. were employed to observe the initial appearance and rate of increase in 
intensity of the ultra-violet lines to about \ 2700, while for shorter wave-lengths the 
absorption furnace was compared with the arc. The tables give the temperature 
classification of 515 vanadium and 640 chromium lines and their relative intensities in 
arc and furnace. New wave-lengths are given for 133 vanadium and 94 chromium 
lines which have not been measured in the arc spectrum or for which, owing to diffuse- 
ness or blends, the previous wave-lengths are poor. Comparison photographs of the 
spark spectrum were made for the selection of enhanced lines. Many enhanced 
lines of vanadium are emitted by the furnace, while those of chromium require, for 
the most part, the higher excitation of the arc for their initial appearance. In the 
discussion, mention is made of notable groups of low-temperature and high-temperature 
lines, also of the phenomena of reversal and dissymmetry in the condensed spark. 

This paper supplements a previous one on the spectra of 
vanadium and chromium,’ which covered the visible spectrum and 
reached ultra-violet limits for the two spectra at \ 3165 and A 3550, 
respectively. The present tables of furnace lines extend to about 
2340. As far as possible, emission spectra for three temperature 
stages of approximately 2000°, 2300°, 2600° C. have been used, 
and the intensities have been listed for these furnace temperatures 
and for the arc spectrum. A comparison with the spark spectrum 
served to select the enhanced lines. As in previous papers on 
furnace spectra, a classification has been made according to the 
temperature at which a line appears and its rate of growth with 
increase of temperature. 

The emission spectra, extending to about \ 2700 for vanadium 
and \ 2800 for chromium, were made in the second order of a 
15-foot concave grating, the scale of which is 1.86 A per millimeter. 


For shorter wave-lengths, the furnace material consists of absorp- 
¥ Mt. Wilson Contr., No. 94; Astrophysical Journal, 41, 86, 1915. 
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tion spectra of the two elements, obtained by placing a graphite 
plug in the furnace tube behind the powdered metal to be vaporized. 
The temperature of this plug was held at 3000° C. According to 
former observations,’ the temperature of the absorbing vapor should 
then be near 2600°, and the resulting spectrum is to be rated as 
one of high temperature. By comparing the absorption lines in 
this region with those above \ 2800, where data for the emission 
spectra at three temperatures were also available, the classification 
was made to correspond as closely as the material permitted. 
For chromium, a low-temperature absorption spectrum beginning 
at \ 2726 was also obtained by the use of a tungsten lamp, with 
quartz window behind the furnace when the latter, with unob- 
structed tube, contained chromium vapor at 2000°. Absorption 
lines appearing in this spectrum may safely be placed in Classes I 
and II, and lines of shorter wave-length have been judged on the 
same basis, the degree to which they maintain their strength 
indicating their probable class. 

Wave-lengths, either new or better than those thus far available 
for the arc spectrum, are given as measured by the writer for 
133 lines of vanadium and 94 of chromium. Some of these measure- 
ments resulted from the resolution of close lines, some are for faint 
lines which are strengthened in the furnace, while others are for 
diffuse lines not previously measured in the arc, which are usually 
much sharpened in the vacuum furnace. 


EXPLANATION OF THE TABLES 


Tables I and I contain vanadium lines which appear with fair 
strength in the are spectrum, Table I being for the region where 
only the arc and absorption furnace are available for comparison, 
while Table IT gives intensities for the arc and for three temperatures 
of the emission furnace. Tables III and IV treat the chromium 
spectrum in the same way. 

Wave-lengths.—International wave-lengths to two decimal places 
are given in the first column of each table. These are reduced 
from the values of Exner and Haschek except for lines marked with 
a dagger, which were measured by the writer. An asterisk after 

* Mt. Wilson Contr., No. 174; Astrophysical Journal, 51, 1 3, 1920. 
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the wave-length refers to a note at the end of the table, explaining 
some peculiarity of the line. 

Arc and furnace intensities —Intensity estimates for lines in the 
arc and at three furnace temperatures are given in the four succeeding 


TABLE I 
Vanapium Lines mn Arc AND ABSORPTION FURNACE 


d LA.) Arc |Absorption! Cass d (LA) Are |Absorption! Cass 
2340.40.... 15 I IV 2554. 87.. 4 I Til 
2399.97..-- be) I IV 2550.01.. 2 tr Til 
2401.80.... Io I IV 2556.791.. I tr Il 
2406.7*f... 15 2 Til 2558.02... 3 I Ill 
2407.904.... 8 I Til 2562.16... 15 3 IIL 
A 27200, ate Io 2 Ill 2564.29... 6 I Il 
BAT 3.00.0. 5 8 I Til 2564.84... Io 2 IIL 
BATICG 3 beet. Io 2 Til 2574.05... 20 4 Til 
DALO MS. as 15 2 Ill 7h fee Le Per 5 I IIl 
DAL. 30... Io 2 Til 2602.7f.. I tr Ill 
2420.16.... 12 2 Ill 2607.75T. 2 I Ill 
2421.08.... 12 2 Ill 2611.751- I tr III 
2A22),O%. 0. 12 2 III 2614.90T. 2 I III 
GAS Gen. 12 23 Iil 2620. 28.. 4 tr Iit 
ZAB2.OLe,.. - Io 2 III 2632.151.. 2 I iil 
ZY. ASO Be 12 2 III 2037.15". 5 2 III 
BABOKE 2. 6 ii III 2640.4... 2 I III 
2441.30.... 2 I Til 2642.24... 12 3 Ill 
2441.91 4 I III 2643.13.. be) 3 Ill 
2480.64 3 I Il 2645.23... Io 3 Ill 
2482.14 4 2 Til 2647.70.. 15 5 Ii 
2482.75 2 I Ill 2651. 86.. I5 5 Til 
2483.65T 2 I II 2652.86.. 4 tr IV 
2498.08 3 I Ill 2653.79.. 4 tr IV 
2498.24 3 I lil 2656.16.. 20 6 Til 
2409. 24 2 I Ur 2661. 39.. 20 6 Ill 
2501.66 8 2 Til 2665.94.. 6 2 Til 
2503-34. 5 2 Ill 2670.94.. 2 I iit 
2505.571 2 I Ill 2671.65.. 8 2 lil 
2507.85* 15 3 Til 2671.90.. 20 tr VE 
2510.28 2 I Til 2675.73. & I Til 
2511.65 8 2 Ill 2677.10.. I tr It 
2511.07 8 2 Til 20772774: 25 tr VE 
2515.16 5 I III 2678.55*. 25 4 Iit 
2517.14 8 2 Til 2679.30. 25 tr VE 
2519.60 15 3 Til 2682.89. 20) ‘Wechele erate VE 
2521.50* 4 I Ill 2683.10 20 tr VE 
2526.21 12 4 Til 2685.12 4 I il 
2530.18 15 3 Til 2686.51 8 3 Til 
2543.73 4 I Ii 2687.95. 35 I VE 
2545.93 20 3 Tit 2688.70. 20 tr VE 
2549.26 8 I il 2689.89 20 tr VE 
2549.62f... 3 I Ill 2690.27 25 tr VE 
2552.03... Io 2 Ir 2690.80..... 25 tr VE 
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TABLE II 
TEMPERATURE CLASSIFICATION OF VANADIUM LINES 
See ——————————_—_—_—_—_—_—_ TITTIES EEG 


FuRNACE INTENSITIES 


Arc LASS 
Int. | pigh | Me | Low : 
Temp. ‘Temp Temp. 
Daal encanta. al tnyeoe st Vv 
2 T wy eet scrents IV 
15 3 pine | cate IV 
I5 3 trae IV 
12 2 te [seers IV 
8 Ee | See aoe IV 
20 Te ester | erekasa V Eru 
3 rN Berend (een IV 
TN ene tae Bes een Riccenk Vv 
ripe Pea ORO Py area VE 
7h | Peeticsel Weceoncral Cy racrece VE 
20 ned serceemra [serach V Eru 
Bel cit ere | ect | ern ae VE 
Teh ret <3 Wetecitacd nicicer 2 VE 
eae ecer [eee | artes VE 
7 Peep cy etal eer VE 
Gta wren | sree nd VE 
aoe |e a [eee eee Vv 
SS are silo cared | tare VE 
6 Teal net | acreiees IV 
15 3 CIs lero IV 
De jl ces ate encirarba esa” VE 
2 rok | Pe ol bn ceed ncaa VE 
40 5 DA Stes IV 
CSTE | ak ae ater IV 
3 eB (he Mh oct IV 
BAN aoc hereaens [de VE 
Ch Barca ecenc erscar VE 
| Paseone.| a en | are ara VE 
rN Biock-ey Brtitiol Bcc. VE 
Uta Sorte a Pe Seba eh Vv 
5 4 Tei erastcrs Il 
Fe eine ator lasers Vv 
ya Pe a hg (ee ot VE 
5 oe eed bese Vv 
Coad Bites Cee eae Vv 
oy ad eet st Pes ea kee A VE 
Me Sreicin es | eed Saeel| eacyerec VE 
he a Eero tric.) Pc. VE 
et seesaetettescustal| aaa Vv 
4 LP heels | seemed IVE 
3 1 ad Remar Be cee IV 
Ce hoes Pere poe VE 
6 2 tT 5 |e IV 
2 el ee Beet IV 
8 ZO en eee IV 
3 Ty ct ek Lanes IV 
RAT esis [eel eee VE 
ch eas) Pesca] Pace ae Vv 


2866.60.... 


Furnace INTENSITIES 


LASS 
High | Me | Low : 
emp. lTemp, Temp. 
De® lc waters! aeons IV 
Sed Pas eco Ritirses.: V 
Zh || Seedotl eee IV 
is | Kee Becec IV 
1 eH Ween S| cies IV 
B ge | Sacha lich eres IV 
ah | aceon | aeons IV 
Pitted sie thcrel imo S Vv 
ici BNE | eee eee VE 
Pep iin Rietia\btd.o 3 VE 
Aedes Maratea | ace VE 
Bee eno iS 6c VE 
Pdeacal ae eee VE 
Sra ake tet] SR VE 
ern er | eT oa, Vv 
cosn’eic'|  croeekell seers VE 
syald ash tdenterel| te abe V 
tre Sie ts actor V 
te ialiaaeerel ane VE 
5 T sisal IV 
5 2.1) een Til 
(had Reeraat lee iin © IV 
REA esc AIS oto t's VE 
onl Peis, Al opie IV 
sero aleea | Sea Vv 
5 tr Tice IV 
SoA. Allele ereal| uaenees Vv 
6 4 2— \obb 
6 4 2 
Soy ode lendhatie | eae V 
Io 12 Ae \aur 
5 try Worse IV 
iho een eee V 
PR re ees IV 
Ded Plea ALB i's IV 
PRP Me ric’ .3 5% VE 
Io 6 2 II 
4 Crs | een IV 
pa Pct ea eoiect IV 
8 T Ulett IV 
|. taivteell @ arate IV 
2 ee ee IV 
TOD es 2G 
£0 eeeeal eee IV 
is tral Mee IV 
6 ir | ae IV 
2D ee 3 eke 
Io 2: | eee IV 
8 |e IV 
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TABLE IL—Continued 


FurNACE INTENSITIES 


Furnace INTENSITIES 


d 
wa) a nich | Me- | 1 CLass (1.A.) nee ich | Me | to CLass 
82 | dium 8. | dium 
Temp. Temp Temp Temp. en Temp 

2866.95....] 10 5 ped hiysa ssa IV 2920.07]. G3 perscets le Cares VE 
2500121.) 20) »|| TO saad [React IV 2920.40.. 8 De es ee IVE 
2869.15... EOE | ercorces econ Sk crs V 2021.18. One ore |e perder IV 
2869.49... 3 2 male weer: Pereytos IV 2922.64.. 7 Saad lige Xo So tigre ste III A 
2870.04... Ce AL eS ee ed gree IV 2922.767T.. a [ia el Pa Fete ae IV 
ZovOSierree| 35t. | 05r | 8 ye | EO 2923.41f. 2M: |iaoas |peeterleoees Vi 
ZBTEROSs 15 23 | Bins a ce Neuere Ieee VE 2923.60....| 7oR| 35r | 15r oy BE 
2877.68... eens NG gatas Vv 2OQ2ASOL aes |e 3O |p te ob d Bets IV Er 
2879.15*.. Gy 1 DA Sel (tial ee V-B-|| 2024.62-...]| 25 8 ti heer IV Er 
2880.04....| I0 CE | eetts [lowte os VE |} 2024.92f.. fyb ee Foal [ese one [er Ses, IV 
2882.51. 12 Ta fascaes a 'fheoene os VE || 2025.32... 16 [eaters | rece [tees VE 
2884.79.. 12 Te UA Me stnas ona VE 2925.86... 4. |-10 Sour |e eee lit A 
2887.69. . 2 5 a | eee TIGA 209260523 26. 0h D2 12 12 TOM eh 
2888. 23.. «| |e rial eee eae Baliieo27s02t.. «| ron | So. 2.6. |eonme IV 
2888.50... 2 5 Del erarenses III Aj] 2928.62... 2 Lo Masaes |p IV 
2889.62... 12 seal eens oe VE || 2928.74f.. TMD (hs tes [ieee lees IV 
2890. 561. NW da a frete 227% [lovaveres IV 2930.14... ET | Svgsersf|cctece |e reaen VE 
2891 .37T.- Gee os ake teterceans IV 2030.78T.«.|' I5 5 he ictal ene yor IV Er 
2891.65... I5 Be | a reen IP ta ork DYcbir| | 2930980 fone | LST (Slee es |e ore IV 
2891.947. Ties |e elev ato laze, eos: e IV 2032; 34... cam (ee es ee er A VE 
2802.44.. 15 otal ees eee VEr |} 2933.20f.. Ce) (Ae ceed (poral eran IV 
2892.67.. 20 Rae Wes cts [in acuee IV Er]| 2933.82... fed see (ae | Aacees: VE 
2893.34.. 20 Bm | |coa tts |e eee IV Er|| 2934.39... 8 oe [a oe lero VE 
2893.471. ATA feo elo neve, Vitoria IV 2934.62T.. 2 6 wien eee A 
2894.59... 8 12 be) 2 LE BOSAL TAT ro e2ONe | cae | eceialereeces IV 
2895.167. ATE Metin |heoetss tees aceke Vv 2OR5eB7 fase tse (| tO [TO See 
2896.22.. be) EDF (ees tes percte crs VE 2037 acs «| E5 15 15 TOO |e 
2808.84. aleto CUT tron ere ET RAVE2O 2880 tec ten Ske lb Eenn ieee. temic IV 
2899.19 20M LS 8 ae 2938.67T...| 6 8 8 eye || Abi 
2899.60. 30 | 2or | 10 Ommie ly: 2939.267.. Rw (e Biegeted eaan sell (ease Vv 
2900. 86*t BIN, Dm eer Il ncores IV 2941.11f.. I 3 Le NA artes lil A 
2003.09....] 10 211 EN oa (ee VE 2941.39T...| I0 1 gE (Pepe ael aa ok IVE 
2o0sm7Oren I x2) |) 12 —|| 12 Cee }| a 2941.507.. 5 EE) |e hs foes IVE 
BOORMAN 20) || 15 8 Bee 2942.02... tr TUS ers eee III A 
SOR MUrAee | aL llctsiccds |leheaterallla ss e's VE || 2942.33*f..} ro 8?}] 8 oy 4 al 
2906.14....] 4or | 2or | 10 oye fas 2942.39*f..| Io 82] 8 Onell 
2906.48....]| 20 7 aries eee IV Er|| 2943.19T...| gor | 15sr | 8 Chay BL 
2007.47...>-| 15 So (nd Irate IVE |} 2943.84f...] ran] 8 TA? eae IV 
2908.83*...| 30 6 tre-lee. IV Er|| 2944.59....] 20 a neo ne IVEr 
2010.03....| 10 a eae ad Cea IV Er|| 2944.76....} ron | 8 E Piste IV 
Olsen Sie ta) | 12 Ore ELAR || "2046554----| 25 e122 10 Sen gue 
2Q1I.09....} 10 EN) bth ond Ober IV Er|| 2949.00. . I 2)p pate este IVA 
Aoyiiel. SO ia] ee el ae IV eOdO nor er Teel re aoe [ete ae eeeeets VE 
Howie ky. Eh ha cal el (As ca eae IV 2040502 rh 25 ek 5Ee rd (|) ABS 
BolqsoAs | SOR | 25r jasr | 6 || IL 2949.91f.. BN | ebro lean teers IV 
MOLSeas ee tou || r2 |. 12 6 | II 2050.35....] I0 5 a ee A eee © VE 
2916.00....| 8 5 1 al eceat IV 2951.84f.. 73 EAS Al lscios © IV 
BOR vea Al Calm line aici caiate| ewes, 2 VE BOS2. OO nae 20 Ba acchctere| Mee IV Er 
ROU es z es: |) <4. Ce eee Oboe IV 205 Ae3 Sie Ons Se [ALO oye 4[,18E 
2017.04..-.| °8 5 Te) ee IV ZOSSe7 Omari S 12 Io Spode 
ZOIQ#OS..5\| 0 || £2 || TO 2TH Alli2osOer2e00.|) 0x 5 Tego IVA 
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TABLE Il—Continued 
——————— EEE 


FuRNACE INTENSITIES FURNACE INTENSITIES 


3006. 24T. me 


r ARC oN Arc 
(1.A.) Int. | yeh | Me- | Low ces (LA.) Int. | High eee Low Sas 
Temp. ae Temp. Temp. enp. Temp. 

AAT Ome Bet ania epoca anos Vv BOOONsde eee IO 5 try) eae IV 
Fee el eatsrsipl eX tricle nctee IV 2000 OOM Tari cSIND | aaimalreeters eae IV 
BOS TEGO ee |) SOP |ator |) On Nees seLL 3008 LOLs. aisle) ail tetenesell ere eee neeene VE 
2OR ISO... 2 (050 Tos Were [erates AIDS All Brecon ianallmest |) ae leon collesiace IV 
2959.99T-.-| 2 Pe Wy tional Breton IV BOLO SA Tos) CIN al clans otetel| piers IV 
2961.14....| I0 8 Dane aaron lil BOLESAOT seg eNy 200! Sele eee IV 
BOOLHOT7 Tete | LEE beberle cetere | neierete Vv BOres SO coe) aie 2 |e wera arene IV 
2002.70...) 300 |\20r |AL5 igey |B! BOLTS cOO ma oni) Ay 11] sorte | neta | eee VE 
20032 93%0;2| 0 5 Eu lls ee IV BZOLAT TON stole Got | punk eens IVA 
2968.29T..-| 5 | I0 Eis) racer TVA Bora ysacae| 25 IN|) csi antes |e IV 
BOOSH S Sete) 6S: UlldeAn el deonea'leraiers WB 2014382545. / iS [oe tie etal hee VE 
2968.98...-| 3 Be cl coos [eee IV BOTATO2 Teel aE 6 Tish | ise IVA 
Clay OLY aeice- | EET re i Seal beter VE ||) sor6en7. 7, |20 15 Sia here Til 
2074:23...:| 8 is nell iaee IV B0T6ss0 Teal a 2-0 le cele lhe IVA 
BOs Ose cits 5 (Bae e tereae IV ZOTO U7 Ace Sone ete pete en ae VE 
BORON awe lh oS. al cvee ys: tae siot| Oto Welty iP eeraiaytinaed) © 6 Tjs| eee IV 
BOVOSL IEEE cl S. Nlesasitmineacleme as VB Wi 3o22n77 tec |) TON 4am vet lees IV 
SQ7028h. os)  o 4 Urea eybiecec TV BH) |) 3027s07% wash ee EL spretall etatse IV 
BOTT esOa su | 2SEe liESha[o 20. HLS liek Eee LOR wionl| Iie) HOR || ORI]  w III A 
BHOVAsOSe. 55 |) Ea aes eerie cer IV 303% 100" faa] Lor ||) sSieulharaieal eens Hit 
29790.21f..-| 2 Ep |e cetinl beards IV 3039 cA ccc <|> 6 || ectaalteneterd| eeaeete VE 
BONUS ore (McK Utonn ariel pera) amare Wo 3083 ees tee leer Z| Grapes eae IV 
2682.18..1.<]' .2 Oo Stree haere IV 2093 780.4 nal) LO. | |etecien| canetete immer VE 
2982:74*...| x Tien [bao ee tae IV 3029. 00ieas | RN Dy laters lees IV 
ZOODSOES scien OS: o)lstieleta | sinsea eaten VE.) 3028"76..-2. |) 10 6 TAC aes IV 
Pyatel deta een |e HL pureed openers loractoe VE || 3039.46T...| 2N Li) |areteretel lta ae IV 
MIO aE ore,5 1) 0k 1d ee | rene IV BOAO LS Tae ae T= |icarahel acetone IV 
2990.93....| 8 8 rie Nae aes INE BZOATCAO o.| (2)) loosen || ereranl eee VE 
2991.14f...| 2 tall Nea au foe ne IV BOAT OG eee aeS 6 trite IV 
2992.79T...| ?N LEM | epee: il eee ees IV Borie a all 0 o) CPE laces ell eee IVE 
2004.01T...] 1 QE Nee ome | Geta) che TV As||| 3043:08*. ..1) 500) |p25r)|).20 15 II 
2994.507...] 1 5 ed learnepe sd ac IV BOA3 052 s2.| 5OC) | 25Eu |e 2Onn |e Esmee mL 
BOGAN OL ST en|) Santas Stoo yaa rere IV BOAd. OS eee SOLe |ecste lego 15 Il 
2995.58....] 4 5 af bees IV BOAT SAT pete Ts [tants tol eeeeeaes IV 
ZOOS O00 4.01. <3 CE sores ec LV Es || 5304850755) .eit mcr) |letenie rel aren | eee VE 
2990.48....1 6 6 pel Ae IV 3048383) ates|! ©30 i|ls itive leer | eee VE 
2997.08f. Oh NW el eed mee. IV SOO. 2a ten eat Tih [akechss eee IV 
tela yastey dj lesekel |. aces Wim ge a] eet eel Fe Ben IV ZORG sO. | 25 12 2) | aceon IV 
2O0b.O2 sees |, cf. 4 £53 [racer IV 3050.00... .| 35) |) 20m Nez 12 II 
2600.20. .".|. 12 "| xs Aves ees Ul ZOnERAO le ne ltr E>. [ie ase een IVA 
3000.59T...| tr Eo P| ace | eee IV A || 3052.19"...| 20] 20. | 20 | 12° | UD 
Resue Lesh ieee (yaa tH | eels ae ee bs IV 3053437 oct hw Biiloua sone | Meera lemon VE 
Lisioae SAC eBid IAL AGA ere nal ee rea A VE || 3053.65f...| 80R} 4oR| zor | 25 | IL 
BOOTH OOf.<1ATON | | Sie |oseullinee et IV BOSSE SA ea sila. 22> le cderete eterna | eee VE 
3002.44....| 6 4 Taleo IV BZOSASSON ee ne 2 teal IVA 
B002.05.)....| ‘8 8 aia eta. Ill 2050.30". .|TOOR GOR leanne leon salen 
BoOseas:...| 5 Os ie | ee IV BOSO 60 of nee ta even (ex IV 
BOOsAA eet 2 Ye scl hie an loe oiate VE || 3060.45....|]125R| 60R} gor | 25 | IL 
B004.33...-1 4 8 Ti lyetes LV As| 3060303" 2001) 2 6 6 2 Welle 
3004.82.. TOro tuts Po Re pene IV BOODLE - tas) | Mie VE 
ee ee eee ee ee eae 
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TABLE IIl—Continued 


FURNACE INTENSITIES 


* Me 

High | 3: Low 
Temp. Fic Temp 

Io T2 8 
6oR] sor | 35r 

iv §| aes I5 

2 5 ot eee 
2or | 15 15 

5 my lene S 

Dad eee ee teaets 
3or | 20 20 

Za liso ap ciess 

Ph ail eine le ae 

8 Deel Rates 

8 AMES arcs 

3 2 ad eresey: 

1 ll eee acl Ie ese 

TS oak eee late re 

1 al | ar ered eee 

8 Ate let ce., 
Io 6 2 

6 2 oem 

Waly |vavere sil eyscte 

6 by al (eee 
25r || 20 15 
15 6 I 
Io 5 I 

Tis} Gotten (Gee are 
Io 3 tr 

2 kal A Re 
I5 6 I 


2 1A ol en 5 ie 
Io 5 I 
I5 I5 Io 
Io Io 5 

3 3 XL 

Ta Peeaieye te |i cree 
20 5 a fe ese 
Io 7 I 


Furnace INTENSITIES 


High Me- | y, CLass 
Temp Loan Temp. 
15 fal Kees It Er 
1 ly Geese ete IV 
6 TV eae IV 
Wat Od (Seis cot cere VE 
5 1 oe ee ae IV 
5 5 aa ene IV 
Tx Alte ied] rae IV 
as eat Lite he rere VE 
2 Ae ete nea IV 
Io ATE tact. UI Er 
Fa ee AA IV 
5 PON AP ed ae, See IV 
10 Bias nace Il 
nee ag atoll eve coe VE 
Li eg Wa ie [eae IV 
pe) Ae CN teselocs il Er 
Ae ei irae 6 oa WARS Se VE 
4 trs| ee IVE 
8 29 Ol eee Tit A 
PL red ete ee hoes VE 
Meteo s [ce arene Vv 
15 ed (ean Ill Er 
6 Te ees III Er 
6 Trt] See Itt Er 
EP Ves micas IV 
eo Daa eae |e AS Da! IV 
ph ghd bo See ests, oe, IV 
5 Toy | coe es Til E 
13 ope (epee ied (eee 8 IV 
fen a eagles VE 
he WN swekgrec ei anaes IV 
[8 aa fence Rees VE 
Za NATE LN Rie 5 IV 
1 ah aeeaered |e ss IV 
Lemus se tee seer VE 
3 tralian IV 
ee ra lei cae PERN [Otheic VE 
See eel aoe VE 
ah red Lam leew. J IV 
ol oe are elds c IVE 
Ted tener ee IV 
10 al Pec al [Eee onc VE 
2 ja ae Reve Ae IV 
tro |v tes see IV 
5 €D Shohtetle IV 
fi Ml WR Se Pw IV 
Det pil ear dcets| osteo IV 
4 tr | eere IV 
SEO Hao Ga baie VE 
Ter) | eres | aoe IV 
3 {Ey |e IV 
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TABLE Il—Continued 


FuRNACE INTENSITIES FURNACE INTENSITIES 
A Arc 
(LA.) wr. High | Me- | ro i (LA.) Int. | pigh | Me- | tow CiAss 

Temp.| 7, D. Temp Temp Temp Temp 
Bi55637 Bm | Fines aherate| Sete VE || 3168.12 Sayl See se| sree teres VE 
3150.19 10 5 Tele IV 3169.6 I 5M bea Hens 6 IV 
3156.89T 75 ae ed bomen Fame IV 3177.83T I Tog 2. eee ee IV 
3158.77T 9 Yad [ts satel ke reves Pee? IV 3180.09 I a Fest tis tr IV 
3159.87 Bh '| acters! eee | aoe Vv 3180.56 I L: | Seroraisteter IV 
3161.9T NGO Lom | anes | teeters IV 3181 .63T I |S eee ete IV 
ER IOP Sy tor el Cem en | Peper eae dig Seer: VEY | 3182.76.49 2 Tee Sees ee IV 
BLOAROD strye le aL) alisaccic| cxerstee carat eer ere ..|/tgoR| 75R] 75r | 40r - 

LOgusone | a4 2 ite lisse 3183.9 i 40r 
Bei et, fed Wee Ub a Reine Boe IV 3184.00*f. 300R |150R |150R sor | IL 
BIOAGOR Peet | a eM ocsinee,| tacts | ees VE |] 3185.38... .|/20oR |100R |roor | 6or | II 
BOR SO onl, 33 CY gl he Caeaal be teat IV 
N 
2406.7 Blend Fe in arc. 


2507.85 Double. 

2521.56 Probably double. 

2637.15 Probably double. 
2678.55 Blend in arc with enhanced line. 

2747.50 Blend in arc with enhanced line. 

2755.64 Enhanced line on red side. 

2770.94 Probably double. 

2777.70 Coincides with enhanced line. 

2851.79 Blend Fe. Furnace line probably all V. 

2879.15 Double. Red component strongest. 

2900. 86 Furnace line at violet edge of diffuse arc line. 
2908.83 Double. Violet component strongest. 

2910.41 Coincides with enhanced line of same intensity in spark as \ 2911.09. 
2914.94 Enhanced line on violet side. 

2915.33 Similar to \ 2910. 41 

2042.3 | Not resolved at high temperature. Measured in low-temperature 
furnace. 

2957.30 Blend Fe. Probable intensity Fe line subtracted. 
2982.74 Blend in arc with enhanced line. 
2994.61 Blend in arc with enhanced line. 

3006.90 Furnace line at violet edge of arc line. 


Not fully resolved. 


3033-75 Blend in arc with following line. 

3043.08 Measures \ 3043.12 in low-temperature furnace. 

3043.51 Measures \ 3043.55 in low-temperature furnace. Strength in spark 
indicates blend with enhanced line. 

3052.19 Probably unresolved doublet. Components of about equal intensity. 

3056.36 Measures \ 3056.32 in low-temperature furnace. 


8 


SPECTRA OF VANADIUM AND CHROMIUM 9 


» 

3056.59 Blend in arc with preceding line. 

3060.93 Measures \ 3060.91 in low-temperature furnace. 

3066.38 Measures \ 3066.36 in low-temperature furnace. 

3066.51 Blend with preceding line at high temperature. 

3073.80 Red side of reversal strongest, asifdouble. Sharp line in low-tempera- 
ture furnace, measures \ 3073.82. 

3090.40 Very faint in arc. Close to following line. 

3092.72 Measures \ 3092.70 in low-temperature furnace. 

3093.24 Blend in arc with preceding line. 

3145.32 Faint furnace line to violet of enhanced line. 

3146.29 Faint enhanced line to violet in arc. 

a Measured with incomplete resolution as sharp impurity lines in low- 

3184.00 temperature spectrum of titanium. 


columns. A line distinctly outlined in the negative is given the 
intensity “1,” a fainter appearance being indicated as “trace” 
(“tr”); “‘n” and ““N” denote degrees of diffuseness in the struc- 
ture of arc lines, while “‘r’”’ and “‘R” indicate partial and complete 
self-reversal, respectively. Cases of extreme diffuseness, difficult 
blends, or disturbance by the cyanogen bands have their intensities 
questioned, and are usually noted in the remarks after Tables II 
and IV. 

Classes.—In the final column, the classes are assigned according 
to the usual method. Lines in Classes I and II appear at low tem- 
perature and are conspicuous in the absorption spectrum. In the 
ultra-violet, the distinction between these two classes is difficult 
and may not always be significant. The Class I lines are usually 
not strong at high temperature or in the arc and maintain their 
strength at low temperature to a greater degree than those of Class IT. 
Lines are not usually placed in Class I unless a low-temperature 
spectrum is available, but exception is made for a group of chromium 
lines, \ 2678—A 2703, whose strength in the absorption furnace as 
compared with the arc is noteworthy. Lines of Class III are usually 
well developed at medium temperature, while lines belonging dis- 
tinctly to high temperature are placed in Classes IV and V, those of 
Class V being absent or very faint in the furnace spectrum. 

The letter “A” after the class number designates lines relatively 
stronger in the furnace than in the arc. Enhanced lines, selected 
from spark spectra having the same scale as those of arc and furnace, 
are distinguished by “‘E” following the class number. If the 
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TABLE III 


Curomium LINES IN Arc AND ABSORPTION FURNACE 
a 


i Absorption 
A.) Are |APSTace | Class aA) Arc |"Purnace | Class 
2302.22.20. 6 I Til 2540651 .w ns I2 Io IL 
2364.74.... 2on 15 Il 2E5S..00-s65 6 3 II 
2365.06... - r2n IO Il CT otoy fen oot Io 7 II 
2366.85.... I5n Io II 230057 Le asis 12 8 II 
B30, 41. a. 10 2 iit 2560.56... . 4 3 II 
2373.72... 15 3 iil 2568.09*... 4 3 II 
2378.02*.. 10 I il 2568.53*... 3 2 II 
2379.92” 10 I Il 2577 On a 15 6 It 
2383.20. 20 5 Ul 267 220A... 7 3 II 
2385.72T 4n I Ill 2577 O0ssa nt) 5 II 
2386.17 4 I Ill 2578.27.05 7 Yee PN Bree cot Vv 
2389. 42.. 5 I Il 2570. £0.cie 6 2 II 
2392.88.... 8 I Ill 2583.04.... 2 ee airy. Vi 
PU Yer poet: 5 I II 2584.64.... 5 iz II 
2390.37 Io I Il 2535 20 ee 6 Bi} II 
2399.06 8 I Ill 2501 .O7 ee 15 8 II 
2309.57...- 7 I Ill 2603, 570..: 5 2 II 
2408.66.... 15 } a { Ill 2608,41.... 2 I II 
2408.75.... be) Tit 2610.31..,-:6 2 E II 
2474.08.... 8 I Il 2012..OAm. iz I II 
2479.16. On -Nideewteaats Vv 20L2. 21... 3B I II 
S400 7345.2 10 4 Il 71a) i i 9 Por 3 I II 
2402.55. 15 5 II 2618. 28*... Io 2 Iil 
2495.00.... 7 3 Il 2619.49..-. 2} tr III 
2496.31.... 20 8 I 2620.00... 4 tr Ii 
2499. 86.. 5 3 I 2620.47.... 6 I Ill 
2500.66.... 3 I Il 2620.85.... 3 tr Til 
2502. 55.0. 15 3 Ill 2002 sO7 els 8 2 IiI 
2504.31...- I5 8 Il 2625.35.... 6 I III 
2507.34.... Te tiene cee Vv 2626. 58.... 6 I Til 
2508.12 8 e II 2020.2 seer 5 tr Ill 
2508.99 8 a Il 2638.88. os Been sy. e craveene V 
¥ x 5 3 II 2639.45"... 2 og |S seen Vv 
a5r0.61 is 3? II 2642.13... Oy claasog ee Vv 
2511.08. BE itecsrs oe Vv 2OES <5 Teta Ts. Ae eeete VE 
BEI O02, 2° 7 2 II 2658.60.... aa PRS 2 VE 
2510.00.10 Io 4 II 2061.74.... peel ees srkctit VE 
2517.56 5 2 in 2003 Aes: Pe voreen ree VE 
TAG ete ap 5 2 Ir 2063.68.... O* legeenare VE 
QELS 00... . 3 I Il 2666.02.... 5 bi See eee wee VE 
DERG. Ts. = 8 3 nT 2008770056 DS dsl eee VE 
2519.52 15 Io II 2669.39.... 4 I Ii 
2527.11 Io 4 II 2671.80.... bn Paras is Oe VE 
2528.02 6 3 LE 207200..5- 5 3 II 
2528. 23.... 4 2 II 2672.83.... ha sie = ie VE 
2520. 34..~ a 2 Il 267 3,-05220% 3 2 II 
2E30. 45.5 se 7 4 Il 2070 Aras 25° Cesar ates VE 
AUC, We Bea ? Mage Il ar Vv 2678.14.... 6 5 I 
2E4T 37.03% 12 5 Il 2678.75.... Ts holkl Sts eee VE 
2541.66.... 4 2 Il 2680.29.... 4 3 I 
2EAn BT. ak 3 I II 2081. ATi 3 I II 
DEAS SOAS on 6 2 II 2087072 oe 20 a Pie ik Sc: VE 
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TABLE II—Continued 


aa.) Arc Be nberci Class (LA.) Arc slag Class 
2688 .03.. 8 6 I 2742.02... TOs Ie eectaegy VE 
2690. 26.. 5 4 I 2742.15... LOsn asian Eee 
2691.06.. TORAw is reece are VE QFAS TT de: Toe Peles. traicre- VE 
2696.55.. 3 3 I 2748.26... 50 30 II 
2697.90.. Delle | acai evs VE 2748.99... Nae BEAN ace VE 
2698. 40.. 3 Ro La EN oe VE QT EO ST Ree Te Mert. Sierers VE 
2698.67.. TOe Wala saee VE 2751.00. . 6 6 I 
2700.58.. 4 3 I 27ST COs. eg ME eRe ai slencic VE 
2701.95.. I2 6 II 2752 OF a 60 25 II 
2702.50. a No one ae V 2754.90... Baa | araveratetas Vv 
2703.47* 5 4 I 2755, 28). Ase ree Vv 
2703.75 EM) Sere VE 2750.76.. ates ones eet Vv 
2704.73 Bet linneseeces Vv Bota Be 60 20 I 
2705.40 ee A | secs Fe oy V hw eee TZ OOS ct onal VE 
2705.70 3 2 II BTROGAOt mea are es. Vv 
CTO ROT caterer cette V 270s ee 50 20 II 
27025 30%: 1B) | ihe crete VE BV O2 50%. Py Male eee ch VE 
a7I05 056: 6 4 Il 2763.07. ONT lect aes V 
2727.45.. Ao bl siseorcess Sic VE 2764.39. 5° 25 II 
Pee Lo fre iho) leaetoecae wee VE 2766.56. 30 nha ee hr. VE 
27260.40.. 80 40 iW 2767.54. ii i be hea tees Vv 
2727.20... PN lll Re aren VE 2769.91 100 50 GE 
2731.90.. 60 30 II 2771.46.. Aare ee tee Vv 
2736.43.. 60 20 Lut 2775.70.. Vy iar ape Vv 
2737.27" 3 Cg ime 2777.68 tena dl Wrechoeeaece er Vv 
2739.37. Kaye Nil ie Fs desc ecal'h STO aLO vans OF ceeds: VE 
2740.10 Aaa Wiis anette + VE 2780 7 8in ns |, 8L5O 60 Il 
2741.07 TO! Bk tyes 32 V 


enhanced line reverses in the condensed spark, this is denoted by 
“Er,” while “u” is added if the reversal is unsymmetrical. 

In the use of this material, as close regard as possible should be 
paid to the intensities themselves, in addition to the class assigned. 
Faint lines may in some cases be placed in too high a class owing to 
their failure to appear in the lower-temperature spectrograms, 
which usually have less general intensity. 


DISCUSSION 


Low-iemperature lines—On account of their importance in the 
search for regularities in the spectrum, it may be worth while to 
call attention to certain groups of lines which are prominent in the 
absorption furnace. As a rule they are strong arc lines, and belong 
usually in Class IT. 
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TABLE IV 
TEMPERATURE CLASSIFICATION OF CHROMIUM LINES 


FuRNACE INTENSITIES 


Furnace INTENSITIES 


R x Arc 
Wa.) pre High Me dt ow Crass (I.A.) Int. High Me- | tow CLass 
Temp peed Temp Temp. vanipl Temp 

2835.64....] 40 P toad erica tape a VEr || 2921.81.. 5 foul seo a| Peace! (rts oe VE 
2843.24.. 35 Pea cel mene VEr |] 2925.58T.. Sno] in |eeseraleesis IV 
2845.99... 5 Ey | oar alee oe Vv 2028.14.60) “Ses cess aeeeleee VE 
2849.29... 4 [eeu bata bieurneen Vv 2928.25... 3 OMG Jaze |feterecete | eaten VE 
2849.83....| 30 Tee leeone aes ¢..| VEr || 29290.50....| ran | 2 tr |e IV 
2855.68.. 25 Te | ates, charters V Er || 2032.57... AN Noes ae serene | eee IV 
2858.90.. 20 Tab erat | ioe VEEn al 2osse43ihes 8n]}] 2 tTailisseaes IV 
2860.94.. 15 ie ial Renee) ener VE || 2033.06... 2 Vas eeiSilla stun eae VE 
2862.59.. 20 rue [Ros | oo ViE: ||) 2034 40s os T50a| 25 2 eal a cereal ieee IV 
2865.10.. 20 doa ier fr Popo VB leeogsnnse: Wn Geese acerca VE 
2866.76.. 15 [Aaa Rial tome crc Ma Pee ery iaerol Mi a foeo.7 ol bomen lect - Vv 
2867.64. . 15 17 ta Parr cae VE 203885 fore | 15D) e40e ekD | ene iil 
2870.04f. Br eT aloes Tere IV 2040.33}7...| t2n| 2 tlle IV 
2870.17T. 4 rd pe ICSEN oo IV Nov. butctencall 6 3 Tories 
2870.43.. oh Ot Ree wee WR <4 [ear oo VE 2OAOLS2icc |) Ti |leereme| aectetee| enone VE 
2871.64.. 12 6 3 my | aul ZQA GeO 5 cca) L20) | Sth | eka ree Ii 
2873:0%... 7 | ORecae kanens 8 IV 2956.20.74.) 8 8 4 3 II 
2873.49.. oe Pell Pee Se A Ree She oc enor ast Vi By || 2057.2" tne |SEOM I) ere allo eee [eens Vv 
2873.82.. AN ts Ser exe eal eie stee V Bi || 2Os0vO4 sees G2 le rcterall crete alle eee Vv 
2875.98.. TOD | Seis] eo |eontee VE 2002233. peal Wasted let ened eke cans Vv 
2876.24.. TOM saree coer eraliae te VE 2963.68. . Sn | 2 > |e III 
2877.07... al (a See ae Rees VE 2967.67.. 20r=|c15r) || Tor i190) saw 
2879.28....| 15 8 2 Ze enh 2968.18f.. SO.) (nn ioe | are IV 
2880.89... Ce cei tet ed Exon VE |} 2968.98. I 5 @ ey Mii Js\ 
2881.15... 5 Neel I fe rae eoeae IV 2971.10. 20¥ || 20K | 15h | ete ele 
2886.99....| 15 | 12 3 oy eit 2971.90. Ge 11:5 Sener [Seas retell eee VE 
2888.38... 2 5 Pee hase TA)" 2075 434. 2sr | ISR] rer ere | eee 
2889.22*f..| 15 Giese tae e) ald 2070: 73. al Dieta (oe sl cies VE 
2889.29*T. 8 BP | ees |e | ae 2980.80.. 201 || Psy stor) |e ome mee 
2890.19... 4 ev (eae at ete IV 2984.03.. 4 Tt? || sel eeecae IV 
2890.76.. 4 5 eh eee n aes IV 2984. 84*T 624] Or |/Re4 Pal iea cael 
2891.42.. 8 27 Macnee | eet IV 2985.32... An's ssa |leoeel | eee VE 
2893.26. . zor | I5r 4 2a Ul 2985.85.. Z0R | Zor? | rsta\r2 ene 
2894.09... 12 8 a Zoe el 2985.98.. 6oR| soR| 30R] 25r | IL 
2896.75.. ead p ate: 4 2 | IF 2986. 10*. 10 8 8 Sealer 
2899. 23.. be) 7 4 ok eid 2986.49....|100R| 80R| 60R] zor | IL 
2900.27.. 2 4 2 t | DLA || 2088.60... er | 40K | 206s | LS ane 
2902.46... I 2 pa ese III Aj} 2989.16.. 4: | ate aces | eee VE 
2904.70. 5 I Led ene IV 2991.89.. 250 i TST i ter iktomeeue 
2905.50... 15 Io 3 2) ieEt 2994.03... 15 12 Io 7S 
2909.05... 20 | 12 5 2) \ UE 2995.09.. gOr || 2or |ersrs scam ele 
2910.Q1.. 20 12 5 3 Il 2996.58.. 4or | 30R}] 2or | 15 I 
2g11.18.. TS. t0 5 ge ypgl 2998.10. Ay | \ sc sreeetell avererete | epee Vv 
2613.73... Io 2 (ae Eee IV 2998.79.. 308s) (208) | 5h" Aroma nue 
2916.16.. 4 6 2 Toone 3000. 89*. 4or | 30R] 25R] 2or | IL 
2917.09f OR eel ee eee V 3003.73.. S| agate | eee aerate Vv 
2917.50T cal ase eiaeee innky ec V 3005.07.. 35r | 25 | or ere ane 
2919.42T 21 ern| Sete s aah V 3011.08... Ee ee Ne tel Pie sc Vv 
2921.36. AP eons leat oh ce ee Vv 3013.00. T5 }'r2, to erowe 
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“TABLE IV—Continued 
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TABLE IV—Continued 


ee ee eee 
ee — EE ————————— 


FuRNACE INTENSITIES 


|__| | | | EE 


nN Arc 
GA) | dvr. | pig | Me | tow | “A 
Temp. Peale Temp. 

B20. 23) TH [ee oe aPornees flo ors V 
3218.67.. TON 0-30 le Loa ee Iil 
B2tOUS7 =). 8 2 ‘mid feet Ill 
3220.54.. 3 Io Io 6 IIA 
3229.18.. 8 2 eed hero IV 
3233.20.. ae PG 8 | IIA 
3235.12 5 ied Wetec ines bce We ho. Vv 
3227.25 Peels meshes Rect are tif anorcacks Vv 
3237.69 Io 5 4 jog | ae 
3238.08 5 2 Tay lcarstass Ill 
3238.48 2 1a eH Pale etl Bre ae: IV 
3240.93 Co iereel 12 So ALAS 
3244.10f 7 15 12 io | IA 
3245.46T Pe bated fagen |) Rea IP IIL 
3245.53T 8 3 2 Fn) Leas cee III 
3247.27 5 12 12 TOms les 
3251.56 4 Ue PEERS ccd ener IV 
3251.84 15 8 5 2a 
3253.26 2 Tr | rater [sexes IV 
AE AMOT sag] h Odd || aces Ghearers! le ats arg V 
S207 SE 20 8 5 2 Il 
3259.69 2 6 5 By A OES 
3259.96 20 8 4 ry it NM 
3262.81. BTS renal | oer si avatars Vv 
3266.59. 5 15 I5 8 | ILA 
3267.02 Labia tolpei| sselvre [ara set Vv 
3270.08 Re eteett (cas [Sasa VE 
3270.67 apa ees cil &-she abel staeaey Vv 
337T 01. CAO) Ar icttd (Sete cre rons Vv 
S27R. 7S « Ta eae Ue eee (ate Vv 
3277.81 MENG tick bareshee [os eae Vv 
3284.81. TNs olere | Renn |e vats Vv 
3286.29. 4 2 sta | Past, Ill 
CY} i caren SIN ete? | te ward lees Vv 
3291.0f.. SAIN Bae ake | cavers [states Vv 
3203.77". CONG | epereiesellty, Schoen ey ena Vv 
3295.38.. rj ESPN aia eh aces VE 
3290.81. EAE oles: ty [os Bedell nateried Vv 
3297.28. Ei 1hol | aves Repeal rah acc Vv 
32098. 26 5 2 in | Mtb Ill 
3300.76. oO Lear eae | (ears eee Vv 
3302.16. Cort | oi a Pee cael hg ore IV 
3302.82. 4 abt |e sae Il 
3204.33). . 2A ol eae need (eg el [aes Vv 
3305.10... PAE Gre iS’ | Gans ew [ete toes Vv 
3307.69.. 8 4 2 I II 
3309.80.. 2 I tr alee iil 
3355.27 Ea oo wc dle Sea eaten gS Vv 
3312.06 2 I Deal Pee oe Il 
3312.69. 2 | OF ere Care Vv 
S3P3-Or, 2 I HN eee Iii? 


Furnace INTENSITIES 


c 
(LA.) nt wich | Me | tow | 
Temp fean Temp 

S3rsc70. 2 I tr ever iil 
3314.10. I CP Lsi|ietcas silaramacts IV 
3314.48 Ty, [isvetob s'est ergot Vv 
3315.16 Ti al Leese is ete aorta Vv 
3310.16 Ty (\enimalqaeee lattes Vv 
ASTOTAY.. sain Ub) | ekatne |eerome | eee Vv 
BarOuly SN) | cnlealeeeerlesaee Vv 
2331.10. b: I | tad leer eee Til 
2333.24 I 3 (aa ee IIL A 
3324.00.. SI), aromas | avetait anes Vv 
3324.30.. ZL) |fostetaraticce are ees Vv 
332015005 aie) 5 % tre |, Lt 
3327228. arr) |) tre |ieroren eae IV 
3328.36.. 2%)! | andes aomtee toate VE 
3329.07. 8 4 2 tre 
3330.61 fo fe nn ren fea cle IV 
3332.89. 6 3 Te A Pee Iil 
3333-61 zon| 8 5 Tee TL 
3334.71 gon | 12 8 oi ml 
3334-91 4 2 Deane Ill 
3330.34 Ai || ae stave one raved | eaerem VE 
3336.95 DT Werte hed cir, lle ech Vv 
3337-21. Ta) Srenshersiliseebetal| ee teeere V 
3339.76. Treats, shodars.| Hevekevel pveemese VE 
3341.41. Ce eal er A naleho ee Vv 
3342.56 ere a aille sah eel ate VE 
3343. 20T e I nA bss 2, Til 
3343.30T.» 6 3 2 tr) elu 
3343.72" sn| 3 aie eaeeee Til 
3344.47 3 I Cras | eee iil 
3345.10 3 I tree Iil 
3345.32 2 tr" | /de:cetil pa IV 
3345-96 8 5 4 r | Il 
3340.09 8n} 3 2 tr: |g 
3346.66T 8 4 4 of yh BO 
3340.74.. 6 3 3 ada HWE 
3347.42.. 2 [6 ed neers | sete IV 
334777 O° Vassoeveile aebret tani VE 
3348.99. . rian || fo) 5 te 
BIAQa27 0 6 3 2 tr TEL 
2350050 \c BM et 14 Sal PORN Ill 
23 5R401 11. 5 2 i" leaee Til 
3351.00"...| LO: |l20 520, 8|ezoumelees 
3353 sO5 ns 3 I Cie aes Til 
3353.60. 2 tf clara IV 
3350.39. TN se. Sre\5 PStanaeet | erasers V 
3350.73 Vii Glare totic Selous oe Vv 
3357-41 Ti All. cveneres| Steen enema Vv 
3358.54. Saad anes freA cay: VE 

359.20. I tt Paes eee IV 
3360.15 I 1 aa eee IV 
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TABLE IV—Continued 
FURNACE INTENSITIES FURNACE INTENSITIES 
» 
(LA.) in Hien | Me- tess (LA) ee High | Me | row | 
dium 
Temp. an Temp Temp T Temp 

PAOONAT one: lias aliases cit. ome 4 V E +} 3431.27. 6 6 4 ety fed 
LAU 7tseog || at Peeeigel I ace ee Vv 3431.57 2 2 2evh |i tewes Il 
3362.26*...| 2on| 8 8 30 111 3431.67 4 3 2° [nee Ill 
Be02.7a5-e5|) 51 | 4 3 I Il 3431.96. 5 5 3 tr |e 
B305.55235-| 2 I te faccs Ill 3432.30. iS 5 3 peer a wtit 
3307.50*...| 2on | 12 8 Sell 3432.82. Bol ate spares poe Vv 
B2ObmO Pare NT DOES ole Silian cater oe VE |! 3433.29. thls eas Pes Pees ee VE 
Bay On20ee nh LOM | 2.56 e0| eens IV 3433.60. 25 25m |hoOunler salar 
Bo 7ArOlae ssi! —3 3 eA ecsese Ill 3433.85T aa PS cael ae ere IV 
BBTAsOOss.5\| 2 I BA eps oe Il 3434.09. Yi 8 6 Ey a fell! 
BOGS OER ca 5 (ee ha (gene Bee eee Vv 3435.46 2 I Seow Til 
amis mes | OM) ce isvailieoee cies os V 3435.67 6 5 5 2 iP LE 
Ba7OeAge «| 6 Tet Mette ere able IV 3435. 81* 6 5 4 ea Af lt 
Be OMA One ete 2) Nofstawer[ anaes [ass ccs VE || 3436.17 2O-N | s20". WTS Sy iekk 
Ba7Oetosere | tO [205.120 | 20° LDA 3439.35 2 (He [apeeee aed lea IV 
Ba OMs Omri 2 htee co lsxiwtne [eas « VE || 3441.11 6 8 5 ey | 
3379-55" 1. Sno}. 4 2 (ee oi Gif 3441.45 20 | 20 | 15 8 | II 
3379.85*...| ton | 6 4 teen 3443.83 5 2 fl. eee Il 
BBS2.O7 ~~ | 2 Lee Wes a hel os cs IV 3445.61. 201 | 20. | x5 8 SLk 
3382.68... OMe ecnltcas here es VE || 3447.01. 8 8 5 2 eeu 
3384.26... 4 3 I ie 4| AH 3447.43. 202 eto ene Seieut 
3384.66... 8 5 3 Tee ELEE 3447.75. 125 420 8 etal Pe 
Bsosegaes. 6 I (ea rey ae Il 3448.19. 2 A eg are iil 
BIO0RSis, = 5 I TEV Il 3450.85 Wad Beet carl rectal Wey es hiee Wy 
3388.68... 8 6 4 I UI 3453-35 20 15 15 So reke 
3390.79... Se ea tieccciayail ct sca ce IV 3453-75 8 6 5 2 pun 
Boole LE. I I ieee eed Ill 3454.79T I I tr Il 
3391.41*.. 6 en WC eal Agee IV 3455.26 6 & 4 2° ei 
3393-03... Sie antares: [carers § Scere Oh VE || 3455.60 era) elon | els Ge tall! 
3303-84... 7. Work Brcaege) Reaarerae VE || 3456.60 I I tr |Seeee. Iil 
R804 306 mel ater Ve cet. | 2-676 es VE |} 3457.90T I CA or le ae IV 
BA02"30.: « 6h if leu teoe  (otame Aen boars VE || 3458.07 5 Tecan. [a icaeeee IV 
BAO MSM DSi ua cle alnwnre fille xo ss VE 3460.41 12 5 4 I Hil 
BA03¢02...,..} LO I EDs locate IV 3463.70 Pe eae ease Goal Be Vv 
3404.037.. I no eae ell Mena IV 3464.84 4 3 2 ae fea AE 
3400.927.. DING eiateeee (forte | «ik eek Vv 3465.07T I ELI aeseeee, | tones IV 
SAcrecOare ten. |) en | etre Pine. s IV 3465.22 12 8 8 2) ell 
3408.04... SONG) eer aeseh in cere IV 3465.58 4 3 2 oma tae 
RAC Se Ome SNe «isi oa felons VE || 3467.00 10 2 oo eee. iil 
BAG scree | LON 4) 2 |) tr i]s... IV 3467.69 I2 6 4 26) oul 
BAntEOd eee) Ten, an} tre |... 6. IV 3468.73 4 thc |e eraee IV 
3414. 209*f. TUN eat keke be Site Pe Vv 3469.57 Io 4 2 tr jee 
3415.58... Dia, dies eel oe a TO Paral V 3470.40 8 5 4 tr—|-E 
3418.00f PINE] Reese eects |e cutie Vv 3470.50 iB 3 2 (aoe) HUN 
3419.67T. a AU A ste ott Renee aes] a ete V 3471.50 4 3 2° exis Ill 
3419. 80f. ATVE Ne GTaer eote c'| 005 is IV BAT 277 8 6 4 tr. |) coh 
BA2T 21... C5.” | ees Bort Cairne Mae VE || 3472.87 7 4 2 (3g OAS 
BAQT.g 2s FIM Te oect aes ects oo oye ee Vv 3473.61 8 8 4 I Til 
gh te Yar Nae SE tae Seles eu] et 6 VE 3474.38 7 & 2 ome pa BE 
3425.90... 2 2 Tlie ies Til 3474.85 5 2 Tears iil 
3427.66 STs LE ace rele tsi IV 3475.11 2 ED earn Boerne IV 
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TABLE IV—Continued 


a 
ee 


FuRNACE INTENSITIES 


Furnace INTENSITIES 


aa) “el pte Wai Crass (LA.) Tre f M ry CLass 
Temp. com Temp Temp. Temp Temp. 
476.177 Ba Serta | eee: errs V 3536.49 *T Bn he wie leaves IV? 
asks 4 2 Ta) severe Til 3530.77°T 6n ? De rane IV? 
3477.24. 2 Le al Pape a ye IV Bhaynca. an iS TP: |ctres sence IV? 
3478.76.. 5 3 Toho Ill ReAR SOT ie GH bei ed Imes Gl loxcic.c 4 IV? 
3479.10.. 3 I tre leerese: Il 3546.4f... TLV | Sisk lease | eee V 
3479.30. ON reas ea Vv 3547-981. 8n | 5 2 ‘ Iil 
3480.30. 3 2 rl Ill 3948: 731.- TM, [5 cio eetes [ere Vv 
3481.31.. 20 | 10 8 AD Le 3548.97T- ani) oI: fae celnarenes IV 
BAST SOsmes hls 6 4 I Ill 3549.20T.- 6n | 4 5) | er eer. Iil 
BADS. 5h a ae 2 EDD, [eeseesc eure IV 3550.66.. TS scant | seers | aia Vv 
3484.16... Seed i eed iene erp VE || 35s52.07*f Sn |) 42: bearer | oes IV 
3486.48... gm (Sr nan Doe V 8553.07 1s PI eel en cri rise Vv 
3488.41... 8 3 ra Neda iil Bey Sac ‘By lhesedait | arasteee| eRe Vv 
3494.96....] 12 5 os |hewees iil S550. E 2.6 ea lesereerea (cone al Sketch: 8 V 
BAGE 37a). Oma lashes eaten VE Sayorator 30 10 aii trom IIL 
3495.96T.. 5 TO hes cee leer IV 3559.22" 5n ral aaltcesce IV? 
a SORGAS yc 2 ER es nee Sree IV 3559.80". 3 P)  Veceaier' | pres IV? 
BROMUS Teele Let | sires | Soares V 3560.6*F. yal taal dee ecescal kek 5 IV? 
ByOa. nore. | 5 4 Dal Beret sc Ill B500.01 tt ON? | oa. || eae alee tee Vv 
BSOS eS Taal’ TI (tr |e ees le sees IV 3562.26. Bw [ese oud | ig ae el era Vv 
Boomer tee) tA aT |e atl ess IV 3562.48.. Tie hve sietl eon grees lees Vv 
BeOSITOl sey |) 5 2 tr iil 3562.01.. P Tad irr fede cer) [ts ch 0.0 Vv 
3508.85... 8n}] 4 ty | Leereecte II 3563.791. TDL liste el] er ota sles Vv 
3510.34*t ION] 4 ind trac Ii 3564.27 scien] ©) clin s seve tee eee V 
BeIO,E Scr 12 6 Lem ata Ill 3504.72... 3 Pie | lA naceds: IV 
BETTY. Sty. Ginko Sse eters lees VE || 3564.96f.. 2 Tye sach ieee IV 
3512.67f. Ean fe apd een Til 3565.16... 2 sie PB Fee acai IV 
ty ee Cone I yaa ence eed ase, IV 3566.13....| 4o 8 DS leader Til 
3518.38. . 2 gel belies Ancg ea nee IV 3568.42*7. 2n.|}) “DP tS sews IV? 
BuIGesa sot Thy tates [ae | eae V 3568.99*T an |) Pen |e IV? 
SELON be 4n}] 4 He bat ic! Ill 3569.30T. DS Vl Oar aes lence bck A Vv 
2593.6" 1. ie Nee rt Pert IV Bhp ic TD), | 55sec oe eee Vv 
BOQ OR Ts 3 Tee ee eee IV 3572-447. TID: |. v2; «ckci| acta | eae Vv 
3523.60.. 3 col eee eee IV Ea (ese toa 5 3 tr |en oe IV 
3525.51 SIN lige Boo Petes tlhe ee IV Revs Oe em LO 4 lel ety Til 
3527.07 8n | 4 PR pan Til 2h 7A.OAF se if 4 2 lease Til 
3531.08 AEP Weeteeds| see iaketous Vv Bb 7Ae40 eee et ste mers Dad OF co Til 
3532.51. SN eT Al eacee tones IV 3574.80T.. 8 3 2 ee Til 
3532.90T CoN Raver os Rose A al re Vv 3574.041.. 4 2 1d Paes Ill 
» 

2378.02 Double. 

2379.92 Double. 

2510.61 Double, partially resolved. 

2568.09 Double, red component strongest. 

2568.53 Double, violet component strongest. 

2618.28 Double. 

2639.45 Double, violet component strongest. 
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r 
2703-47 
2737-27 
2889.22 
ae 
2921.36 
2941.89 
2957-2 
2984.84 
2986.10 
3000. 89 
3020.64 
3037.00 
3040.87 
3180.69 
3293-77 
3313.01 
3343-72 
3351.96 
3302.26 
3307.56 
3379-18 
3379-55 
3379.85 
3391.41 
3414.29 
3435.81 
3510. 34 
3522.8 
aad 
3536.77 
3537-23 
3545-8 
3552-97 


3559.22 
3559-80 
3560.6 

3568.42 
3568.99 
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Enhanced line on red side. 
Furnace line probably largely Fe. 


Not resolved in furnace. 


Close to enhanced line. 

Close to enhanced line. 

Fe line on red side. 

Coincides with Fe \ 2984.83. 

Close to preceding strong line and difficult. 

Fe line on red side. 

Blend Fe. 

More widely reversed in arc than \ 3034.15. 

Enhanced line on red side. 

Probable blend with enhanced line in arc. 

Sharp line of class V superposed. 

Superposed on diffuse arc line which shows faintly in furnace. 
Line has strong center, possibly a superposed sharp line. 
Very strong in absorption. Compare \ 3379.18. 
Unusual type of diffuse line. 

Compare \ 3362.26. 

Very strong in absorption. Compare d 3351.06. 
Furnace line may be due to impurity. 

Blend in arc with enhanced line. 

Enhanced line on red side. 

Probably double. | 

Probably double. 

Arc line made up of three unresolved lines, central line sharp in furnace. 
Structure resembles \ 3510.34. 


Disturbed by band lines. 


Furnace line may be band line. 

Coincides with band line. 

Arc line superposed on hazy patch, probably made up of three nebu- 
lous lines. Furnace line may be band line. 


Disturbed by band lines. 


For vanadium, the first of these groups extends from A 2400 to 
2442. This region is very difficult for the furnace, and the intensi- 
ties are low, resulting in the lines being placed in Class III. Suc- 
ceeding groups are contained between the limiting lines \ 2502 and 
2577, \ 2642 and A 2671, A 2849 and A 2871, A 2895 and A 2978, 
d 3043 and A 3091. The sources which bring out these groups most 
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distinctly are the absorption furnace and the low-temperature emis- 
sion spectrum, the former giving lines of shorter wave-length. In 
the high-temperature furnace, lines of higher classes are often com- 
parable in strength with the pronounced low-temperature lines. 

In the chromium spectrum, similar groups occur between A 2365 
and d 2408, \ 2491 and 2592, A 2726 and \ 2781, A 2872 and 
X 2911, A 2968 and A 3054. A long stretch of spectrum then con- 
tains only scattered low-temperature lines and the powerful triplet 
AA 3579, 3594, 3605, until the group of Class I lines between d 3883 
and \ 3941 is reached. In this region, \ 3351.96 and A 3379.18 are 
notable on account of their decided I A type, there being no other 
lines of comparable strength at low temperature in the neighborhood. 

High-temperature lines.—The most interesting of these are the 
diffuse lines. They are numerous in both spectra, and occur in 
groups as distinct as those of any other type. In the vanadium 
spectrum, lines diffuse in the arc can usually be obtained sharp in 
the furnace and thus give improved wave-length values. This is 
true also for lines which in the arc are merely hazy patches. The 
diffuse lines of chromium are for the most part difficult to obtain 
in the furnace, and many of the new measurements of these lines 
were made in arc spectra exposed to make lines of this kind as sharp 
as possible. Some of the chromium lines are of an unusual type. 
They are moderately diffuse in the arc and retain about the same 
degree of diffuseness in the furnace, persisting thus sometimes at the 
medium-temperature stage. Three groups are noted in Table IV, 
near \ 2940, A 3180, and 3410. In view of the exceptional 
behavior of these lines, it seems probable that they are of complex 
structure, and retain their satellites at the furnace temperatures. 

Enhanced lines.—Both vanadium and chromium are very rich 
in ultra-violet enhanced lines, and the degrees of excitation required 
to produce them are similar to those required for the enhanced 
lines of titanium and iron, respectively. Vanadium enhanced lines 
frequently show self-reversal in the condensed spark; the stronger 
ones are prominent in the arc and persist as sharp lines in the 
furnace, in some cases at medium temperature. A comparison of 
the arc and high-temperature furnace serves to separate the 
enhanced lines by their relative weakness in the furnace, though 
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the lines designated as enhanced in the tables were selected by a 
direct comparison of arc and spark spectra photographed during 
this investigation. A group of enhanced lines near \ 2710, probably 
forming a multiplet, has its lines reversed unsymmetrically. A very 
strong group of reversible lines lies near \ 3100, its first member, 
d 3093.14, being the strongest spark line in this region. Another 
set of reversible enhanced lines is near \ 2900, while near \ 3040 
occur some very strong spark lines which do not reverse, are faint 
in the arc, and absent in the furnace. Such lines as these latter 
may be regarded as the “high-temperature” lines of the ionized 
spectrum. 

The enhanced lines of chromium require stronger excitation than 
those of vanadium, and only some of the strongest of chromium 
near \ 2850, which reverse in the spark, show faintly in the high- 
temperature furnace. As a result, the enhanced lines of chromium, 
many of which have considerable strength in the arc, go as a whole 
into Class V. The available data indicate that 2200° for vanadium 
and 2600° for chromium are approximately the initial temperatures 
for the appearance of enhanced lines. 

Description of the plate—Plate I reproduces a section of the 
vanadium spectrum for the spark, arc, and three furnace tempera- 
tures. It shows a group of prominent low-temperature lines, 
together with enhanced lines which persist to varying degrees in 
the arc and furnace spectra. 


Mount Witson OBSERVATORY 
August 1924 
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INVESTIGATIONS ON PROPER MOTION 


ELEVENTH PAPER: THE PROPER MOTION OF MESSIER 13 AND 
ITS INTERNAL MOTION 


By ADRIAAN VAN MAANEN 


ABSTRACT 

Proper motions and internal motion of M 13.—Two pairs of photographs taken 
with the 80-foot focus arrangement of the 60-inch Mount Wilson reflector, with intervals 
of eleven and nine years, respectively, were measured for proper motion. ‘The results 
indicate motions of the cluster as a whole amounting to o”oor in each co-ordinate, 
while the internal motions are less than o”oor annually. 

The results are therefore negative, but they afford a good confirmation of Shapley’s 
estimate of the distance of this object, and, furthermore, show that the internal motions 
found in several spiral nebulae cannot be due to the 60-inch reflector or to the measur- 
ing instrument used. 

The unexpected discovery of internal motions in spiral nebulae 
by the writer made it seem desirable to try measures of a glob- 
ular cluster as soon as the interval of time between old and new 
plates had become such as to make measurable displacements a 
possibility. Before the measurement of M ror it was generally 
supposed that the spirals were located at enormous distances. The 
evidence for this belief, however, was principally the appearance 
of the many novae in these objects; and its inconclusiveness was 
pointed out in Mount Wilson Contribution, No. 243 (pp. 6 and 7). 

Although the enormous distances of the globular clusters as 
derived by Shapley are based on considerably more substantial 
data than were those for the spiral nebulae, it seemed worth while 
to attempt to discover whether measurable motions, either internal 
or of the clusters as a whole, could be detected. 

Several photographs of the great cluster in Hercules, M 13, 
were obtained soon after the 80-foot focus arrangement of the 60- 
inch Mount Wilson reflector had been made available for direct 
photography, and many other photographs of this and other 
clusters were taken later. Those listed in Table I were selected for 
measurement. The plates were combined into two pairs, 3878-5 and 
3728-119, and measured in four positions each with the new stereo- 
comparator in the manner used for the later measures of the spirals. 
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Dr. Shapley had indicated which stars might be members of the 
cluster and which not, the latter to be used for comparison purposes. 
With his help fifty comparison stars were selected, while sixty-two 
other stars were measured, which, with considerable probability, 
might be accepted as members of the cluster. His selection was 
based on the distance from the center, the magnitude, and the color- 
index of the individual stars. 

The results of the measures are collected in Table II. When 
available, Ludendorfi’s number has been used; otherwise the 
stars are designated by the letters a ...v. The first fifty in the list 
are the comparison stars. The magnitudes in the second column 
are the photographic magnitudes derived by Dr. Shapley; the 
co-ordinates in the third and fourth columns are given in seconds of 


TABLE I 
HA. at 
Plate No. Date Exp. Plate Middle of Quality 
Exp. 

BO on hin hs « 1913, May 26 30" Seed 27 — £52 g 
RTO sete cre rssiact se 1914, April 18 30 Seed 27 —I1.7 g 
TIO, ie ot earis 1923, June 8 30 Seed 23 —10.5 g 
ep Sadia cee 1924, May 30 31t Seed 30 +18.5 fg 


arc and are taken from Ludendorff’s catalogue," except for 1120 and 
the stars a . . . v, which do not appear in that source. For these 
the co-ordinates were derived from one of the 80-foot focus plates 
and are accurate within 2 or 3 seconds of arc, which is sufficient for 
identification purposes. The origin of the co-ordinates is the same as 
that used by Ludendorff, viz., a= 16%38™6", = +36°19'19” (1900). 

For the reduction, the two sets of measures of each pair of plates 
in the two positions in right ascension and declination were combined 
into single sets. The displacements were then reduced to thou- 
sandths of a second of arc per year by multiplying the measured 
quantities by 0.229 in the case of 3878-5 and 0.276 in the case of 
3728-119. The resulting quantities were used as the first members 
of equations of condition of the form: 


Ma=a+bu+cy+da?+exytfy+ a . 
ms=a'-+-b'x+c'y+d'x?+-c'xy+f'y?+ ms. 
* Publikationen des Astrophysikalischen Observatoriums zu Potsdam, No. 50, 1905. 
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TABLE II 


Co-ORDINATES AND ANNUAL DISPLACEMENTS 
(The motions are given in o”oor as a unit) 


No Pg. Mag.| + 7 Hra | Hoa | Hrs | #25 | Ha Hs 
Bee ais bisa 14.50 | —583”| —288”| —9 | —6]+4]+12} —-8/+4+ 8 
ed te ES 14.52 491 | —400| + 4| +4] — 6 eal Srey oe 
ee re ce 13.06 483 | +182 17 71\+5/+09 2 Ve '7 
Cesta < ors 13.40 415 | —144 2 1\|/+3]— 7 23 | 7) 
(thes nee 14.52 411 | +346 Io 8 | —14 |] —12 9 13 
Oras co eect 14.85 389 | +150 6 II 1|+ 2 8 ° 
\ Samo 13.30 364 | —371 | + 3 3, — 2), —2/4+3)/— 2 
LOW sero tes niet 15.14 339 | + 78} — I I | + 6 2 o| + 2 
27 A oe ee I5.50 322 105 Oo} + 3 9/— 41+ 2 2 
Ee vshatensteW, ss. 13.06 310 333 | —25 | —19 | +21 | +22 | —22 | +22 
“CRcaic Sera 15.91 2098 194 Tei eS) | 3 ees | ene eae 

BOs enon sys 16.13 259 | +113 1o}/ — 6/+1{-—18] — 8 8 
Pate harvw sales 14.95 256 | —304 | — 7 4/— 4 }-+ 5 6 ° 
AS ncn ete a ts 14.52 250 TOUR a> 6 Onl —23 ° 4 
7 efi aan OR 15.89 237 228.| -- 3 4 2a 3 ° ° 
TB ease Ss 8 14.95 176 510 ° 4 o|— 2 2 I 
OO ete os 16.22 168 Tro) —206 13 | —18 | —25 20 | —22 
OO waters 16.03 156 | — 89 2 4 \ 13 | -F1I 4| +12 
UZ Ow ree efoiye 4): 16.17 138 | + 36 Tee | SA eee EOn time t) 
BSA ratsurriteveit ais 16.16 77 222 | — 4) -- 4.) —13 | - 4 o|—4 
TS OS I5.00 st | ts5sos|/+3)/+51/7+8/4+8;+4/4+ 8 
STi iepettuesaceie sic 16.13 45 | —249 II ° 10) t5 6 ° 
Oy reManG fe svdues hers Ts Ty) 6 | +478 7 ° 21+ 2 4 2 
ROG eis tttsvar.¥ os 16.16] — 2 264 5|—-6|/+8|—2 oOo} + 3 
BS Wie erence. oot 5.10 | = 110 379 o|/+7/—-3/)—-3/17+4!- 3 
BOs ata cies 4s 16.17 19 | +264 3/—-3]—-12/+4 o|— 4 
Rey a 13.82 24 | —485 | +10] +15 | +10 3 | na2) leat O 
WSS rare earanets sto 13.76 40 | —319 | — 3 tri/+i1/+ts5i-—-1|+3 
Py OBitotasaloishe acl. 15.95 60 | +238 3 Dl aed. || 4 
SEAN eataatsieie os 16.20 73) 4-TA7 |) - 3 4 aleteg | entar A. 2 
ia Tetericaiseas te wis 16.06 77. | —173 7 o|—4/1-7 4|— 6 
BOTS eit rcrecie. ei. 16.14 160 253 4 Se 5 | actee 7 6|+ 6 
MOTO oe alee << 12.98 163 84 3 6} —15} — 8 4 | —12 
We aeld ows 14.34 205 368} +8] +7] +11/+6/+8]+4+ 8 
MO Ae ob tadede 15.86 Ae: TO we Calie— 6) I4 A eA 9 
TO Swtomays ari ee 15.79 247 | —234 | + 6] + 2 5 2 | -- 4 8 
TOS Pactstnen here 0% 13.14 264 | +234] — 5 | —11 13 | +15 | — 8| +14 
AGRE Fak a 14.88 318 456| +6] +4r/+3/—8|+4] — 2 
To 6 bee 16.10 342 | +183 | — 7} — 5 | —19| —10| — 6] —14 
ie ny noren cece 14.63 35r | —330 | + 8 | +12 5 | +10 | +10] + 8 
DEE UA etaictawavsis s 15.70 354 | --363)| = 2 4 6 3 I 4 
La Oe 13.90 434 | —182 | +311 | +7 Io o|/+o9 Io 

) 13.14 AST al) ae409 | tO" ee 25. 51 IY ah ey 54 

De toe ts Sick a 14.88 40r | =F 75) = 4.) — 7 2 o| — 6 ie 

io, SOIR ICE 14.09 482 | — 58} +3] +4 5] +22) +141] + 4) 4128 
ee EN REESE nae Sa Mee Eig aie OY Dhme Sot (eel tect ae 2 Wee | 

Sar Mehale cise. 4 14.88 SOs /e—402 |) — 3s) e— 2) |— 10 — ate) | 0 
Preicagec ani 5-77 553 | +392] — 6 2)/+8)+31— 4] 4.6 

Bb bre ey oie faye canes 15.50 iyi h pene lS eee ga 16 24 ° 20 
Decrerchereties A 15.28 | +590 | —181 | + 4] +5] +16] +73 | +4) +14 


t 
w 
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TABLE Il—Continued 


No. Pg. Mag x y ya Hoa 15 B25 Ha 5 

Bde tic dai 5 eRe 14.96 | —380”) +138”| + 7] +12] — 4 o| +10] — 2 

7 aA SORA 15.04 364 | +382 9 | +12 3 | =F12 io|/ +4 
VATS ee Cee 14.86 307 | —273 1 a eee a ll nS °o}|-— 3 
I iotine, Sstacareeae ¢ 15.06 285 | +107 | + 6 4}/+s5/—s|+1 ° 
AOS ioe taser Rees 7, 240 | —114 | —14 |] —10 | — 3] +1 | —12 iy 
Aue Sea 14.83 235 | — 10] + 4 ° 4|/—6]+2 5 
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INTERNAL MOTIONS IN THE GLOBULAR CLUSTER M 13 


Star images inclosed in circles represent comparison stars. 
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Images with full-line arrows 


attached are of stars probably belonging to the cluster, whose motions are relative to the 


system of comparison stars. 
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TABLE Il—Continued 


No. Pg. Mag. x y Hig Hea 416 #25 Ha 5 
OS Sart ance 15.20 | +117” + 6577 + 5| —2}/+2]—1]+2 ° 
OY Oresicelicasie 3 15.04 132 | — 39 | — 2 3-|—2}—5|—2|—4 
GOON eds 15.60 139° |-— 05 | 2 6 | ak bP f= 25) 
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TOEOG Seni inis cifla ss I5.18 321 | —263 P| | oy iE T4rj\e 4-12 AMiate2 
sis Be carer 15.26 | +350 | +208 | +10 | — 1 | +11 | +1] +4] + 6 
The plate constants a ....fanda’.... /’ were computed in 


each case from the fifty equations of condition for the fifty compari- 
son stars. ‘These were subsequently substituted in all 112 equations 
in order to derive pya, Moa, Mrs, ANd p25. These quantities are there- 
fore proper motions of individual stars with respect to the group of 
comparison stars. The last two columns of Table II give the 
mean yp, and ys for the two pairs of plates. 

The accuracy of the measures is highly satisfactory, the prob- 
able error of the motion in each co-ordinate as derived from a 
comparison of the measures of each pair of plates being only 070023. 

The next step is to derive the mean proper motion of the cluster 
asa whole. Since the distribution of the stars is nearly symmetrical 
with respect to the center, the straight mean was taken, giving 


Ma=—0/001 070004, bs = —0” 001 070003 , 


as the motion of the cluster with respect to the comparison stars. 
Subtracting these quantities from the last two columns in Table IT, 
we derive the values in the second and third columns of Table III. 
These differences represent the internal motions and have been 
plotted in Plate II. For the comparison stars, which are surrounded 
by circles, the motions are taken from Table II and are plotted as 
broken lines. The scale of the motions is given in the lower left- 
hand corner. The length of the arrows represents the motions in 
about four thousand years. 

For the star s the motion is 50 per cent larger than indicated on 
the plate. Since its motion is over a tenth of a second, it might 
better have been omitted, but as it did not show any motion in right 
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ascension the normal equations in this co-ordinate had already 

been formed and solved before the displacement in declination was 

found. Furthermore, as the number of comparison stars is con- 

siderable, its influence is small, contributing only a positive displace- 

ment in declination to the stars in the southeastern quadrant. 
TABLE III 


InTERNAL Mortons In M 13 
(Given in o”oor as a unit) 


No. Ha i) Hrad. | #rot No. Ha H5 Hrad. | rot. 
oe ee ate gone tir} —1]-—r1r}]+ 3 O80 oe o|/+2]|-—2 ° 
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Lee) Ae ° 5 eee OOS aur ot | 4 4 |e eal 
EEG okies s A. — 3 3 3) 2 NeXOTO noes 5 3 tee tae 
GAT has ss Are igs be talcterts Persea 5 | +13) = 5 |= 53 
OTE Unger Ss GH (ES ee al i ee Aa rete an) TA dr Or Ee +5) - 7 | + 8) =e 


A glance at the plate shows that the internal motions must be 
very small, and a discussion of the data corroborates this fact. 
If we accept for a moment that the motions of the cluster stars are 
due to accidental errors only, we find a probable error in each co- 
ordinate of 070026. It is true that this is slightly larger than the 
value stated above, but it is well known that the internal probable 
error is always somewhat, and sometimes considerably, smaller 
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than the external probable error. The difference between the two 
values given indicates that the internal motions of the members 
of the cluster can scarcely exceed o”oo1 in each co-ordinate. 

For completeness the motions were further resolved into two 
components, one radial and one perpendicular thereto. These are 
given in the last two columns of Table III. The first component 
is one that might a priori be expected from a contraction or dis- 
persion of the cluster; the result, however, is that the mean radial 
component is exactly zero. 

There is little reason to anticipate a component at right angles 
to the radius, except that such a component has been shown to 
exist in the measures of the spiral nebulae. In M 13 this component 
comes out 0%0005-0"%0004, in the direction N-W-S-E. 

We may thus conclude that the internal motions in the cluster 
are of the order of o’oo1 or less. A considerably longer interval 
will therefore be required to detect any possible motion. 

Although these results are negative, they are, nevertheless, of 
importance for two reasons. First, they are a beautiful confirma- 
tion of Shapley’s distances, because with the parallax derived by 
him, o”00009, even a fairly large velocity would still give an 
extremely small proper motion; and second, because the results 
obtained for M 13 show again that the internal motions found in 
several spirals cannot be due either to the 60-inch reflector or to the 
measuring instrument. ‘The only possibility that the displacements 
found in the spirals are not real motions would seem to lie in a sys- 
tematic difference along the spiral arms between the old and the new 
plates. This possibility is extremely doubtful, because in that case 
the effect would hardly be proportional to the time interval, as 
was found in several of the spirals for which pairs of plates with 
different time intervals were available. Moreover, such displace- 
ments would be considerably less in the case of an object with 
starlike points, such as M 33, than in some of the others. Finally, 
we should expect such a systematic error to be larger near the 
center than near the edge of a spiral, while the measures show 
just the reverse in all cases. 


Mount WILSON OBSERVATORY 
August 20, 1924 


27 


Contributions from the Mount Wilson Observatory, No. 285 
Reprinted fram the Astrophysical Journal, Vol. LXI, pp. 186-203, 1925 


A STUDY OF ELECTRICALLY EXPLODED WIRES 
By SINCLAIR SMITH 


ABSTRACT 


A new type of spectrograph—The converging beam of light from a grating is 
reflected from one of the faces of a rotating mirror to the focal plane of the instrument. 
The rotation of the mirror causes the spectrum to move along a photographic film, 
and changes that take place in the spectrum of the light-source under investigation 
are recorded upon this film. 

Time-resolving power—The term “‘time-resolving power,” analogous to optical- 
resolving power, is defined, and, for the instrument described, is shown to be about 
one one-millionth of a second. 

Spectra.—The spectra of electrically exploded wires of various elements have been 
studied with the rotating-mirror spectrograph in the interval \X\ 3000-5000, and results 
for Pb, Sn, Al, Cu, Cd, and Mg are described. 

A new absorption phenomenon.—In the case of certain elements, small areas on the 
surface of the mass of vapor produced by an explosion proved to be very opaque for 
wave-lengths in the region studied. This absorption was not perfectly uniform, but 
showed irregularities in regions close to strong arc lines, which suggests that anomalous 
dispersion may explain the phenomenon. 

The resistance of metallic vapors at high temperatures —A method is described for 
determining the relative resistances of metallic vapors, and results are given for Cu, Ag, 
Au, Ni, W, Zn, Al, Pb, Sn, Li, and Fe. 


Anderson" has shown that electrically exploded wires furnish 
spectroscopists with a source of metallic vapor at an exceedingly 
high temperature, and further that this vapor retains a high intrinsic 
brilliancy for a relatively long time after the excitation has ceased. 
As the spectrum shows a great variety of lines, the question naturally 
arises, Do all the lines appear simultaneously, or do different lines 
appear at different times? In order to answer this question, a new 
type of spectrograph was built which made possible the study of the 
variations of the spectrum with time. 


METHODS AND APPARATUS 


The spectrograph.—The essentially new feature of this spectro- 
graph is a rotating mirror so mounted that the beam, after having 
passed through the slit and suffered dispersion, is reflected from one 
of the faces of the rotating mirror to the focal plane of the instru- 
ment. ‘Two of these instruments were built, one with a prism and 


1 Mt. Wilson Contr., No. 178; Astrophysical Journal, 51, 37, 1920. 
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the other a concave grating. The arrangement of the optical parts 
of the prismatic instrument is shown diagrammatically in Figure 1. 
Figure 2 shows the position of the photographic film relative to the 
rotating mirror. This kind of instrument should be faster than 
the one to be described, but though a number of good camera lenses 
were tried, no lens combi- 
nation having the desired 
characteristics was avail- 
able. What is needed is a 
combination which will ac- 
curately focus the desired 
range of spectrum on a 
plane perpendicular to the 
axis of projection. Since a 
range of about 1oo A was 
the best that could be done 
with the lenses available, Weer 

this form of instrument 

was abandoned and the concave grating-type was adopted. 

The arrangement of the slit, grating, and rotating mirror is shown 
in Figure 3, while the position of the film relative to the rotating 
_ mirror is as before (see 

Fig. 2). A 4-inch, con- 

cave grating of 1-meter 

radius, having 15,000 

lines per inch, was used. 

The slit was placed 

2 meters from the grat- 
ing, which fixed the distance from the grating to the focal plane at 
66 cm, and gave in the first order a scale of 25 Apermm. The film 
was held in a circular holder having a 25-cm radius. The actual 
focal curve is not a circle, but a circle was found to be a sufficient 
approximation. The octagonal mirror was used to insure a record 
of every exposure. Since the film subtended an angle of slightly 
more than 90° as seen from the rotating mirror, the light from the 
grating always fell somewhere on the film, regardless of the position 
of the mirror. 


ROTATING MIRROR 
AAD DRIVING MOTOR 


RECORDING FILMA 


eo eee ome (ae cae GST PRON, PRIS 
GRATING 
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When the instrument is in adjustment, the spectrum must of 
course be in focus; further, the rulings of the grating must be parallel 
to the slit and, at the same time, the projected slit images, i.e., the 
spectral lines, must be parallel to the direction in which they move 
when the mirror is rotated. The focusing can be done visually 
with a high-power lens, but the other conditions cannot be met so 
easily. The procedure adopted was as follows: The grating was first 
rotated to a position such that the central image would fall on the 
film. A film was then placed‘in the holder and exposed to a series 


GRATING 


DRIVING MOTOR FOR ROTATING MIRROR 
ROTATING MIRROR 


of slit images with the mirror in different positions, and, finally, a 
reference line was put on the film by making a short exposure with 
the mirror slowly rotating. An arc was used for illumination. The 
parallel position was determined by measuring the inclination of the 
slit images to the reference line. This operation so oriented the 
slit that its projected image on the photographic film moved 
accurately along its own length when the mirror was rotated. The 
grating was then rotated back to its original position, and the 
normal adjusted. The rulings were made parallel to the slit by 
watching the spectral lines with a high-power lens and slowly rotat- 
ing the grating about its normal. 


31 


4 SINCLAIR SMITH 


Time-resolving power.—Since we shall be interested in determin- 
ing differences in time as well as in wave-length, let us call the 
smallest time difference that can be measured the “time-resolving 
power” of the instrument. Since time differences are determined 
by measuring the distances along the time axis of the film from some 
arbitrary zero line to the two points in question, and multiplying the 
difference between these two distances by a factor (the time required 
for the image to move unit distance along the film), it might appear 
that the accuracy with which linear distances can be measured is 
the only limit to the determination of small time intervals. This, 
however, would be crediting the instrument with powers it does not 
possess. A consideration of optical-resolving power makes this 
clear. It is quite true that, regardless of the optical-resolving power 
of the spectrograph, the difference in wave-length of two spectral 
lines which are widely separated can be determined to the degree 
of accuracy with which we can measure the linear distance between 
them on the plate. If the two lines are very close together, however, 
the determination no longer depends on our ability to make close set- 
tings but on the resolving power of the instrument. For this reason 
we shall mean by time-resolving power, not the smallest measurable 
interval between the appearance of two different spectral lines, 
but rather the smallest measurable interval between changes that 
take place in some particular line. For example, suppose that a 
line disappears for a very short time and then reappears. If the 
interval of disappearance is less than the time-resolving power of 
the instrument, we shall not be able to detect the change, but, if 
greater, we shall be well aware of it. It appears, then, that the 
time-resolving power will be the interval required for the image on 
the photographic film to move its own width. Thus the time- 
resolving power depends both on the speed of the rotating mirror 
and on the width of the spectrum in the focal plane. 

In order to limit the width of the spectrum, a horizontal slit 
was used, as well as the slit proper. Since the concave grating is 
not used in parallel light, the system is astigmatic. The conjugate 
focus of a line in the focal plane perpendicular to the spectral lines 
is farther from the grating than the conjugate focus of the lines 
themselves. The spectrograph slit is of course at the conjugate 
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SPECTROGRAMS WITH ROTATING-MIRROR SPECTROGRAPH 


a, Magnesium, 55,000-volt condenser. Note reversal of \ 4481 


b, Cadmium, 55,000-volt condenser 
c, Tin, 20,000-volt condenser 
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focus of the spectral lines, but the horizontal slit must be placed 
- at the conjugate focus of the line in the focal plane perpendicular 
to the spectral lines. The width of the second slit is governed by 
the intensity of the light-source. In the present work, the width 
used was such that the spectrum was 0.5 mm wide in the focal plane. 

In most of the work to be described, the speed of the mirror was 
about 150 rev. per sec., corresponding to a motion of the spectrum 
along the film at the rate of about 450 m per sec, Assuming that 
uncertainties of measurement along the axis of the film arising from 
the finite width of the spectrum and a possible lack of critical focus 
do not exceed 0.5 mm, we find the time-resolving power to be of the 
order of one one-millionth of a second. 

The condensers——The spectra studied were produced in the 
manner described by Anderson. Two different condensers were 
used. One of them, which has already been described by Anderson,* 
consists of 200 single-strength window-glass plates, 20 X24 inches, 
having tin-foil coatings 17X21 inches. Its capacity is about 
I microfarad, and in use was charged to 20,000 volts. ‘The second 
condenser was also built under Anderson’s direction. ‘The plates, 
furnished by the Mississippi Glass Company, are 3636 inches 
and ;%; inch thick. A closely woven wire gauze 32X32 inches was 
imbedded in the center of the plates during the manufacture, and 
a single wire was brought out on one side to serve as a lead. The 
plates are stacked in holders with the leads of alternate plates on 
opposite sides. All the leads on the same side are joined to a com- 
mon terminal. This type of condenser can be charged to a much 
higher voltage than the ordinary form, and in the present work a 
voltage of 55,000 was used. During the assembly, the condenser 
plates were tested in pairs at 85,000 volts, but on account of surge 
difficulties it was not thought safe to use the whole condenser at 
this voltage. The complete condenser consists of 150 plates, which 
give a capacity of 0.6 microfarad. 

As the intensity of the light varies with the oscillations present 
in the explosions, the oscillations themselves furnished a time scale 
very convenient for practical purposes. After having once deter- 
mined the period of each of the electrical circuits, time differences 

1 Mt. Wilson Contr., No. 269; Astrophysical Journal, 59, 76, 1924. 


33 


6 SINCLAIR SMITH 


on the spectrograms were determined by comparison with the 
separation of the oscillations. The frequency of the 20,000-volt 
circuit was 87,000, and that of the 55,o0o-volt circuit, owing to 
much less inductance, was 185,000. This makes the maximum 
current in the 20,000-volt circuit about 10,700 amperes, and in the 
55,000-volt circuit, about 40,000 amperes. 

Some of the explosions studied were produced in air, while others 
were confined within a slotted block of wood. These blocks were of 
oak, 22X24 inches, with a $-inch slot, $ inch deep, cut the long 
way in each block. Holes were drilled in the sides and electrodes, 
2 inches apart, inserted in such a manner that their tops were just 
above the bottom of the slot. 


DISCUSSION OF SPECTROGRAMS 


The spectra of a number of elements were examined in the region 
from \ 3000 to A 5000. Very great differences were found in the 
behavior of different lines. The details for Pb, Sn, Al, Cu, Cd, and 
Mg are shown in the tables. In general, the arc lines were found to 
be completely reversed, while the spark lines frequently appeared 
in emission. The latter were generally strongest at the peaks of 
the oscillations, and some of them appeared only on the peaks. 
Ordinarily these lines disappeared when the oscillations ceased; 
but, as may be seen from the reproductions, there were large 
variations in behavior. 

The lines were also found to behave differently with the two 
condensers. For example, when the explosions were produced with 
the 20,0o00-volt condenser, the two spark lines of Pb, \ 4245 and 
d 4387, appeared as sharp lines and showed no tendency to reverse. 
With the 55,0o00-volt condenser, they became very broad and 
diffuse and showed definite reversal (see Plate IV). As a rule, the 
spectra obtained with the second condenser were almost wholly 
absorption spectra. 

The spectra also behaved differently when the explosions were 
confined in a slot and when produced in the open air. The differ- 
ence was very marked when the 20,000-volt condenser was used, 
but less noticeable in the case of the 55,000-volt condenser. With 
the lower-voltage condenser, confining the explosions increased 
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PLATE IV 


4058 4587 


4058 4387 


SPECTROGRAMS OF LEAD WITH ROTATING-MIRROR SPECTROGRAPH 


a, 55,000-volt condenser; b, 20,000-volt condenser 
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the strength of the continuous spectrum and also the tendency for 
lines to reverse. When the higher-voltage condenser was used, 
the difference was not so marked, for in this case the continuous 
spectrum was already quite strong in the unconfined explosions, 
and confining them added little to its strength. 

The presence of the continuous spectrum is interesting in itself. 
In the case of most of the elements studied it is fairly strong through- 
out the third half-oscillation, and in some cases it persists as late 
as the fifth. Direct rotating-mirror photographs of the explosions 
show that by the time the third half-oscillation occurs, the vapor 
is expanding relatively slowly, from which it may be inferred 
that the pressure is not much above 1 atmosphere. This is signifi- 
cant in that it shows that we have a mass of vapor, certainly not 
much above atmospheric pressure, in which the excitation is 
sufficiently high to produce radiation almost entirely continuous. 
Just how much of this excitation is electrical, and how much is due 
to temperature, is of course not known. But the strongly marked 
increase in the continuous spectrum with the development of the 
electrical oscillations does not necessarily preclude a pure tempera- 
ture excitation, since the effect of the current during the peaks of 
the oscillations may be only to increase the temperature of the 
vapor. 

The fact that the enhanced lines appear most prominently 
when the continuous spectrum is strongest lends weight to the 
hypothesis that the quanta contributing to continuous radiation are 
produced when ionized atoms recombine. When recombination oc- 
curs, we should expect the sum total of the change in potential en- 
ergy of the system, plus the kinetic energy of the electron relative 
to the atom, to be radiated in a single quantum. But no two of 
these quanta need have anything like the same value. The kinetic 
energy of the electron may have almost any value, and in recombin- 
ing the electron may stop in any one of many orbits, so that the 
potential energy contributed to the quantum radiated can have a 
wide range of values. However true or false this picture may be, 
it is at least in qualitative agreement with the foregoing, and, 
furthermore, it explains the existence of the continuous background 
found in spark spectra. 
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Another interesting feature is the behavior of impurity lines. 
In general, for the first six or eight millionths of a second, the 
spectrum is that of the element under observation, and practically 
no impurity lines appear. Those that do appear, air lines in the 
case of unconfined explosions and calcium lines when the explosions 
are confined, apparently arise from neighboring materials rather 
than from the material under observation. The source of the air 
lines is obvious, while the calcium lines probably originate in the 
wooden blocks. ‘This effect is noticeable in the reproduction of the 
cadmium spectrogram. 

In one of the aluminum spectrograms the following impurity 
lines were identified in the region \ 3510-A 4500: 


Lead: 3572.95 A 3842.2 
3639.72 3854.11 
3683.62 4058.00 
3740.20 4245.42 
3835.15 4387.11 
No trace of \ 4019.20 or A 4168.19 

Calcium: d 3933.81 4226.90 
3968.62 4307.90 

Tron: A 3553.87 3720.09 3786.81 3878.19 4202.20 
3557.02(D?) 3727.79 3795-12 4045.99 4260.68 
3565.54 3735.02 3816.00 4063.77 4271.95 
3570.29 3737-30 3820.61 4071.92 4325.97 
3581.38 3745.70 3826.07 4118.70 4383.71 
3585.88 (D ?) 3749.62 3828.00 4132.25 4404.95 
3618.91 3758.39 3834.40 4143.59 
3621.61 3763.99 3840.61 4144.08 
3631.60 3765.60 3860.03 4181.94 
3648.00 3797.35 3872.70 4199.25 


EXPLANATION OF TABLES 


For convenience the lines were classified as follows: 

I. Pure absorption lines which remain sharp throughout their 
existence. 

II. Pure absorption lines which are somewhat diffuse. 

IMI. Pure absorption lines which widen very greatly during 
certain phases of the explosions. 
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IV. Strongly reversed lines showing emission edges and only a 
slight tendency to vary with the oscillations. 

V. Diffuse lines showing faint reversal and pronounced variation 
with the oscillations. 

VI. Diffuse lines showing no trace of reversal but pronounced 
variation with the oscillations. 

VII. Sharp lines showing no trace of reversal, but definite 
variation with oscillations. 

VIII. Diffuse lines showing no trace of reversal and appearing 
only on the peaks of the oscillations. 

IX. Sharp lines showing no trace of reversal and appearing only 
on the peaks of the oscillations. 


This classification is purely arbitrary, and in many cases not 
sufficient, but a detailed discussion of the behavior of each line is 
out of the question. Intensities are given merely as w, m, or 5, 
meaning weak, medium, or strong. A more elaborate system seems 
unnecessary. In a few cases, the series classification is given after 
the wave-length. In the column headed “‘Remarks’”’ is listed the 
time of first appearance in terms of the half-oscillations. For ex- 
ample, ‘‘late in 3rd”? means that the line first appeared on the 
spectrogram during the latter part of the third half-oscillation. 
Any extraordinary behavior of the line is also noted in that column. 
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TABLE I 
TIN 


50,000-Volt Condenser, Explosions Confined in Block 
EEE 


Wave-Length Int. Class Remarks 
AE OS vote aa crs Spe s I Appears at beginning 
Impurities 
3034: (Cas. 2101010 m I Appears in 2nd 
BO00 Cane. ck- m I Appears in 2nd 
TOY POU Rearichatin m I Appears in 2nd 
An oiae Cant trern at w Band | Four heads show faintly in 4th, sth, and 6th 
TABLE II 
MAGNESIUM ‘ 


50,000 Volt Condenser, Explosions Unconfined 


Wave-Length Int. Class Remarks 
BS20 ecw wine ciecle $ Iii Appears at beginning 
BOIS Se vais ste Ss Ill Appears at beginning 
Bo Sots « srawretee sis Ss Il Appears at beginning 
RAST cee hese: Ss Vv Appears at beginning; very wide at first 
Opens 50 A) 
TABLE III 
CapMIUM 
55,000-VOLT CONDENSER, EXPLOSIONS '20,000-VOLT CONDENSER, EXPLOSIONS 
CONFINED IN Biock UNCONFINED 
Wave-LEeNncTH 
Int. | Class Remarks Int. | Class Remarks 
3081 ip—2s m Il Begins late myst 7 PM acareeslllicereie ei 
3081 iIp—2s m Ir Begins late mrst) | lee seliieieeisios 
3253 Ip—2s...| ™m II Begins late meh ee ne lersietecleil orereioy 
3261 1S—Ifa m I Appears at beginning; very|......]...... 
sharp throughout 
3404 Ip—2d...| s I Appears at beginning s IV Appears at beginning 
3466 xp—2d...| s Ill Appears at beginning s IV Appears at beginning 
BESO eta ple wt eid | wc caleieileetalc ate Not present | m IX Appears at 1st and 2nd only 
3611 Ip—2d...] s Ill Appears at beginning 9 IV Appears at beginning 
BATONS so Sie tnie a6 s Vv Appears late in 1st m VIL | Very strong in 1st 
4678 xip—is...| s II Appearsilateinakt: 99 lessee |senace 
4800 Ip—is...| s II Appears Inte itast: 7) eee ite lltenicte 
5086 Ip—is...| s II Appesre late wnret De cod nlator se 


Begmelateinend? = ocean Seo e se 
BeginsIdte im 2nd fins Sue eee eins 
Begins late in 1st m VII | Begins late in rst 
Begins late in 1st m VII | Begins late in rst 
Begins late in 1st m VII | Begins late in rst 


te oo oe oe 
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A NEW ABSORPTION PHENOMENON 


In the case of a number of explosion spectrograms of Al, Pb, Cd, 
Ca, and Mg, a new absorption phenomenon presented itself. For 
a very short interval, usually not more than about three-millionths 
of a second, that part of the explosion which was projected on the 


TABLE IV 
ALUMINUM 
55,000-VOLT CONDENSER, EXPLOSIONS 20,000-VOLT CONDENSER, EXPLOSIONS 
UNCONFINED* UNCONFINED 
Wave-LencTa 
Int. | Class Remarks Int. | Class Remarks 
GEO ie kiss de citee s Vv Very wide in first gradually| s VI | In some cases this line 
narrowing to a class IX appears in the 1st as a 
line in the sth or 6th broad diffuse line and 
continues until about the 
4th when it disappears. 
In other cases it appears 
very faintly in the rst and 
then disappears until the 
3rd when it appears quite 
strong and persists until 
the 8th or roth 
BOOS eicteiae 5 iwisieea m IX | Appears on peaks of 2nd,|......]...... 
3rd, and 4th 
OSes ets Se sletate, m IX | Appears on peaks of 2nd,|......]...... 
3rd, and 4th 
BOAR esis nersiciis s uf Appears at beginning s IV | These lines appear through- 
out and show a marked 
widening about the time 
BOOP ese sass s I Appears at beginning s IV 3587 disappears 
WASOw ies etnies w VII | Appears on peaks of 2nd|......]...... 
to 5th 
BS eawrwass'es v.cls m IX | Appears on peaks of 2nd]......|...... 
to sth 
ABBOls sioseisitinecie = m IX | Appears on peaks of 2nd]......|...... 
to 5th 
/ CLONES SE cD s VI | Appears first in 3rd s VI | Behaves like 3587 
Impurities 
BOON cs wants ie m IX | Appears on peaks of rst,| w IX | Appears in 1st only 
and, 3rd, and 4th 
BAL meV Sereda « m IX | Appears on peaks of tst,|......]...... 
and, 3rd, and 4th 
MOsie WVNiccts eae m IX | Appears on peaks of rst,|......|...... 


and, 3rd, and 4th 


* Explosions confined in block: 
The JW lines do not appear and Ca lines come up in the usual manner. 


The two strong lines \d 3944 and 3961 develop very wide wings in the beginning; the central por- 
tion, however, remains quite sharp. 


The spark lines \\ 4480, 4513, and 4529 disappear almost entirely, showing only as mere traces on a 
few spectrograms. 


4664 appears later than before, beginning with the sth. It is rather diffuse and shows more pro- 
eae variation with the oscillations. 


The A/ band ) 4842.40 shows faintly in the rst. 
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slit of the spectrograph became highly absorbing and produced 
no photographic effect. As may be seen from the reproductions, 
the light appears to be completely cut off. In the regions very close 
to strong arc lines this cutting off occurs a little later than in more 
remote regions, so that the general appearance is that of an infin- 


TABLE V 
LEAD 
55,000-VoLT CONDENSER, EXPLOSIONS 20,000-VOLT CONDENSER, EXPLOSIONS 
CoNFINED IN BLocK UNCONFINED 
Wave-LENGTH 
Int. | Class Remarks Int. | Class Remarks 
BRT aAW cinerea are s III | Begins in 2nd, widens dur-| s Vv 
ing 3rd oe 
BOAO eee sissy: es-< Ss III | Begins in 2nd, widens dur-} s Vv These lines become class IV 
ing 3rd lines after the 3rd 
MOV D cc Nae chess s Il Begins in third Ss Vv 
BOSAcckccee exes s III | Begins in 2nd, widens dur-|  s Vv 
ing 3rd ‘ 
BIA os cent a 6 s III | Begins in 2nd, widens dur-|  s Vv 
ing 3rd 
USO aek wh vs | craw evi eve'eParers No trace m VII | Appears late in rst 
ORM ciate aipniek sire atecs)| eaate a No trace m IX | Appears at very beginning 
of rst again in 3rd to 8th 
Bossi ewe cee dG lessees cs ters No trace w IX | On peaks of 3rd to 8th 
coe Ss eg ae Meenas, bene as No trace w IX | On peaks of 3rd to 8th 
ROMO la Acai adiw vie & m I Beginsin2znd —— |...... VII | Begins at end of rst. Trace 
of reversal on some 
exposures 
ROBO ea eG ee Kee s II Appears throughout “Sig Vv Cesnies to class IV after the 
ida 
ALTOS cs wauiceaa’ w I Beginsinend = 9 Nines VII | Behaves like 4019.76 
ADRS ce vee caine s Vv Almost entirely reversed in| s VII | Diffuse in rst 
Ist 
ASOT: ve chip ehiah s Vv Almost entirely reversed in| s VII | Diffuse in rst 
1st 
BAST « sageanis cee m i Begmeinetd® (©  |icowaslouccer 
MRE cos a chee m I Begins ingrde iio sietstticats 
BGGOD sass beneste m Z Bégins Jatein tet Po |etesaes lp eatees 
Impurities 
S248: (CW. ices w Zz Begging inivard. Fy Bikeewlowccere 
BOTA ICR. Ano w I Begs inerds 5 8 Alo eoal| arene 
BUSA ON. aes. m a Begins late in rst m VII | Begins late in rst 
BORA HAL ss cites w I Begins in 3rd w VII | Begins in 3rd 
BHOLURAL. woe oak w i Begins in 3rd w VII | Begins in 3rd 
B00) 6 Ga rin's' sais m I Begins late in 1st m VII | Begins late in rst 
4ao7 CG. 28s m iT Begins in 2nd w VII | Begins in 3rd 
PU. 6) ne w I Beginsin ard We Ve palatine 
Rade Ca is-e6 w I Beginsin ard) = EE Set cos 
A200 CGe ee. w I Beoinsin-ards( am ni /Poseieael cess 
4303" (Ca... 8... w I Begs stds) ge | ee eee 
RSOS CRS. cues w ut Bers 2td © eee een 
ASTON COL. eases w J Beginsimsrd:" NE elwonne 
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PLATE V 


5944 4664 
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SPECTROGRAMS WITH ROTATING-MIRROR SPECTROGRAPH 


a, b, c, Aluminum, showing behavior of absorption band near two strong arc lines 
d, Lead, showing an absorption band on the peak of the third half-oscillation 
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itely wide absorption line rapidly becoming narrow. 


13 
This delayed 


absorption is best illustrated by the aluminum spectrogram (Plate 
V), in which the light from the explosion first appears to be 


TABLE VI 


' COPPER 


55,000-VOLT CONDENSER, EXPLOSIONS 


CoNFINED In BLock 


Wave-LencTH 


Remarks Int. 


20,000-VOLT CONDENSER, EXPLOSIONS 


Int. | Class 
BOCA Mrasiestiee b's w II 
BSS Se suave ete w II 
BOOT Me cine civic mist m I 
AGQB sistent acts w I 
Bolts dite net m I 
ZoOd0r cs ciiaae es m I 
BOOR saa ses es m T 
BOOA espe spurns m II 
BIO na vee elec nx m II 
BIO; 8s aie ais etek m II 
BEI tastes see ™m II 
AIAG a sieve pes s-ey m II 
RIOR SG ste idtec das w I 
B2OSs sicteiswters tens w I 
BQASietenes sta s Ss III 
BATA este wats 5 Til 
Rete a ROR TET m I 
BSOC wari vie sieieieots m I 
BST. ce civiists sete w II 
BSsO un cesses. w I 
ck opndood w I 
Bas Omi wesieig avs w I 
BANOS ee Dec tic w uf 
BACH Ain terererroce w Uh 
Bei Qelwews cweisy w I 
SEO ere wats skins ee m I 
SOOM ces eneeloes m I 
POP Sd CLS EEO CGD EE CORE 
ASUS ele T ee roles eects acte s 
AOUO Heiiewcmsre ce ellsietgvcies||icce.s-e's’s 
ASOT oreo ciate ceisiee ai scores 
LOA eleveicisieve cya] eevee | ciech sre = 
AED 3 Stal otretero ors: vl sieseiesers | stetere, ae 
NGS cretsiere.c cveie ets |s\arviera<\) oraiw 0:80 
A240 mide cesee see siewistes |oinecres 
BAsO Reset civen s|sveacepescesc 


Appears at beginning 
Appears at beginning 
Appears at beginning 
Appears at beginning 
Appears at beginning 
Appears at beginning 
Appears at beginning 


Begins late in 1st 
Begins late in 1st 
Begins late in 1st 
Begins late in 1st 
Begins late in 1st 


Appears at beginning 
Appears at beginning 


Very wide throughout 
Very wide throughout 


Appears at 
eeeetey. diffuse 

Stine at 
ightly diffuse 

Appears at 
slightly diffuse 


beginning, 


Appears at beginning, very|......|...... 


sharp 
Begins in 2nd 


Begins late in rst 
Begins late in 1st 
Begins late in 1st 
Begins late in rst 


Appears at beginning 
Appears at beginning 


A mere trace appearing in| s 
the 5th and 6th only 


A mere trace appearing in| s 
the sth and sth only 


beginning,|......|:..... 
beginning,|......}...... 


UNCONFINED 
Class Remarks 
VI | Appears throughout; 
variation with oscil’s 
VI | Appears. throughout; 
variation with oscil’s 
VII | Appears. throughout; 
variation with oscil’s 
VII | Appears. throughout; 
variation with oscil’s 
VII | Appears throughout; 
variation with oscil’s 
VII | Appears throughout; 
variation with oscil’s 
VII | Appears. throughout; 
variation with oscil’s 
VII | Appears throughout; 
variation with oscil's 
VII | Appears throughout; 


variation with oscil’s 
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TABLE VI—Continued 


55,000.VoLT CONDENSER, EXPLOSIONS 20,000 VOLT CONDENSER, EXPLOSIONS 
CONFINED IN BLocK UNCONFINED 
WA VESLRNGTH | 2 ee eee ee ee 
Int. | Class Remarks Int. | Class Remarks 


VII | Appears throughout; no 
variation with oscil’s 
Appears throughout; no 
variation with oscil’s 
w VII | Appears throughout; no 
variation with oscil’s 
m VIL | Appears throughout; no 
variation with oscil’s 
IV | Appears at beginning m VII | Appears throughout; no 
m 
m 


a 


IV | Appears at beginning 


o 
<—, 
H 
i 


IV | Appears at beginning 
IV | Appears at beginning 
IV | Appears at beginning 


variation with oscil’s 
VII | Appears throughout; no 

variation with oscil’s 
VII} Appears throughout; no 

variation with oscil’s 


IV | Appears at beginning 


IV | Appears at beginning 


IV | Appears at beginning =|......J..+-.. 
IV | Appearsat beginning j|......]...... 


completely cut off, except in the region within a few angstroms 
from the two strong arc lines \ 3944 and \ 3961. Then as time 
progresses, the vapor becomes transparent to wave-lengths remote 
from these two lines, but opaque to wave-lengths within a few 
angstroms from them. Immediately after the absorption sets in, 
the appearance is of an infinitely wide absorption line having an 
emission center some 50 A wide, with the emission core itself showing 
two sharp absorption lines upon its central region. In the lead 
spectrogram (Plate IVb) the same effect is seen, except that in this 
case the lack of a continuous background makes it less prominent. 
Here the arc lines AA 3574, 3640, 3684, 3740, and the very strong 
arc line \ 4058, play the prominent part. The phenomenon 
shows considerable variation, both as regards duration, as can be 
seen from the series of aluminum spectrograms, and as to time of 
occurrence. In one of the lead explosions, it occurred about twenty- 
five millionths of a second after the beginning of the explosion. 
Ordinarily it coincides with a minimum of one of the oscillations, 
but not always. Thus on the lead spectrogram (Plate Vd), one 
of these ‘“‘absorption bands”? was found on the peak of the third 
half-oscillation. This particular one was of very short duration, 
somewhat less than two millionths of a second. 

It is very probable that this absorption occurs only over a very 
small area of the explosion. Direct rotating-mirror photographs 
show that the explosions of elements which exhibit the effect 
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have a mottled appearance. Small areas apparently give off no 
light, or at least not enough to affect the photographic film. The 
area of these spots is only a few square millimeters, and it seems very 
probable that they are the regions in which the absorption described 
above is occurring. It would be very strange, indeed, if the whole 
mass of vapor stopped emitting light for a short time, and if this 
ever occurs the direct rotating-mirror photographs should show it; 
but no such effect was found, and it seems reasonable to conclude 
that the absorption occurs only in small areas at any one time. 

No explanation of the phenomenon is offered. Possibly it may 
be a type of photo-electric absorption; but while this might explain 
the general absorption, it is difficult on this basis to see why the 
absorption should be delayed in the vicinity of strong arc lines. 
The fact that it seems to occur only in small regions at any instant 
might be explained as follows: Suppose that for some reason a 
large percentage of the atoms in some small region are in the same 
state of excitation, such that they can be ionized by the absorption 
of a quantum of visible light. We might then expect the vapor in 
this small region to be opaque to all wave-lengths below that having 
just the ionizing energy; in other words, to all wave-lengths below 
some long wave-length limit. In the case of aluminum, such a limit 
was looked for. By using a wide slit and red sensitized films, the 
spectrum was photographed out to A 7500, but no long wave- 
length limit was found. This, of course, has very little bearing on 
the explanation, for even though the absorption were of a photo- 
electric nature, it might be produced by a mixture of atoms in 
various states of excitation. In this case the atoms in different 
states would have different long wave-lengths as limits, and we 
should not expect any very definite red limit to the absorption. 
But even if we grant that photo-electric absorption may play a 
part, the delayed action in the neighborhood of strong arc lines 
remains to be explained. To the writer at least, photo-electric 
absorption is therefore very unsatisfactory as an explanation of the 
phenomenon. 

Dr. Anderson has suggested that anomalous dispersion may 
furnish the real explanation. In case the surface of the incan- 
descent mass takes the proper shape, the vapor may behave very 
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much as described by Julius.1 The fact that the phenomenon is 
associated with strong absorption lines is very much in line with this 
suggestion, but further work will be necessary before the question 
can be settled. 


THE RESISTANCE OF METALLIC VAPORS 


During the study of the explosions, it developed that some metals 
were more difficult to explode than others. Anderson? has reported 
that when wires of copper, silver, or gold were exploded, a spark 
would pass across the space between the leads to the electrodes 
which supported the wires, unless they were well separated, a part of 
the discharge thus being shunted around the explosion. It was 
found, however, that by keeping the leads well separated, all the 
discharge could be made to go through the explosion. 

In order to investigate this phenomenon, a sphere gap was placed 
in parallel with the wire to be exploded, so that maximum voltage 
built up across the vapors of the explosion could be measured. The 
electrodes supporting the wires were arranged so that their separa- 
tion could be varied, and measurements were made with separations 
of from 1to1ocm. The observations consisted in determining the 
minimum separation of the sphere gap which would force all the 
discharge through the vapors of the eee The 55,000-volt 
condenser was used. 

Curves showing the electrode peoaracion, i.e., the length of wire 
exploded, against the voltage built up across ve vapors of the ex- 
plosion, were plotted for a number of elements. A few of these 
curves are shown in Figure 4. They appear to depart only slightly 
from straight lines through the origin. As a basis for comparison, 
the minimum voltage in kilo-volts corresponding to a 5-cm length 
of wire is listed for all the elements studied: 

Cu 79 k.v. Au 75-85 W 58 Al 51 In 42 

Ag 81 Ni 72 Zn 58 Pb 49 Fe 39 

Sn 51 

As the supply of gold wire gave out before sufficient data were 
obtained, a definite value for this element cannot be given. The 

t Astrophysical Journal, 12, 185, 1900. 


* Mt. Wilson Comm., No. 82; Proceedings of the National Academy of Sciences, 8, 231, 
1922. 
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evidence on hand indicates, however, that its value is very close to 
those of copper and silver. 

The fact that these three “high” elements belong to the same 
group in the periodic system suggests that elements in any one group 


Maximum k.yv. across explosion 


| (a S + 5 6 
Length of wire exploded (in cm) 


Fic. 4 


should behave alike in the explosions, but a glance at the results for 
the elements just listed shows that the agreement is rather hap- 
hazard. 

Two 1.5-inch spheres were used for the gap, and the voltages 
listed on the curves were computed in the usual way. That some 
of the voltages are much higher than that used on the condenser 
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is not surprising when one remembers that we are dealing with 
rapidly changing currents. 

In order to determine just when the voltage across the explosion 
reached a maximum, the apparatus was so arranged that light from 
both the gap and the explosion fell on the slit of the rotating-mirror 
spectrograph. As far as could be determined by means of the spec- 
trograph, the beginning of the spark and the beginning of the 
explosion seemed to be simultaneous. Probably the wire first 
vaporized and then developed a high resistance, but did not become 
sufficiently luminous to photograph until the high-resistance stage 
was reached. 

When the sphere gap was set near the critical position for the 
wire in question, only part of the current of the first half-oscillation 
passed through the gap. The balance and that of all subsequent 
oscillations passed through the vapors of the explosion. If the 
gap was made sufficiently short, practically all the discharge could 
be made to pass across the gap. 

The mass of the wire exploded seems to have very little effect 
on the determinations of voltage as wires of various sizes of the 
same metal gave similar sphere-gap settings. Screening the gap 
from the light of the explosion made no noticeable difference. 
It is thought that the measured voltages are proportional to the 
resistance of the various metallic vapors. ° 

In conclusion, the author wishes to express his deepest apprecia- 
tion to Dr. J. A. Anderson, under whose direction this work was 
done. 


Mount WILsoN OBSERVATORY 
September 1924 
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A LIST OF ULTIMATE AND PENULTIMATE LINES 
OF ASTROPHYSICAL INTEREST 


By HENRY NORRIS RUSSELL 


ABSTRACT 


Spectral lines of astrophysical interest —The very rapid development of the analysis 
of complex line-spectra makes it desirable to prepare a preliminary list of lines of 
astrophysical interest for which the spectroscopic and energy-relations are known. 
A brief summary of the theory is given, followed by a list of lines, the elements being 
arranged in order of the successive groups of the periodic table, and the individual lines 
in order of the energy-level of origin within the atom. A bibliography of the more 
important recent papers is appended. 

Terminology—The name ultimate lines is suggested for those lines which originate 
in the lowest energy-level (or normal state) of an atom (whether neutral or ionized) or 
in another state very close to this. Lines originating in neighboring but higher energy- 
levels may be called penultimate lines; those originating in still higher levels, ante- 
penultimate lines. Ultimate lines, as here defined, are nearly, but not quite, 
synonymous with the raies ultimes of De Gramont. The difference is discussed in 
the text. The meaning of the terms “flame,” ‘‘arc,’’ and “‘spark lines” is also 
discussed. An index to the table has been made in which the elements are arranged 
in the alphabetical order of their chemical symbols. 


The great advances which have recently been made in the 
interpretation of line-spectra, and the astrophysical importance of 
the results, appear to justify a collection from the widely scattered 
sources of the material of most importance in astrophysical work. 

1. Summary of the theory.—It is now generally accepted that the 
emission of a given spectral line depends upon a transition of the 
emitting atom between two definite states (fixed by quantum condi- 
tions) in which its internal energy is different, and that the number 
of waves per second (or per centimeter) in the resulting radiation is 
exactly proportional to the energy released by the atom. In 
absorption this process is reversed. 

The familiar spectroscopic terms, whose differences give the 
wave-numbers of the various lines, therefore indicate the energy- 
levels of the corresponding atomic states, which may thus be mapped 
out with extreme accuracy. According to Bohr, each term corre- 
sponds to a different arrangement of electron orbits within the atom, 
and for terms belonging to the same series the orbital angular 
momentum of the outermost electron is the same. Series for which 
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this differs by a unit may be called “adjacent.” Most terms are 
multiple and represent several closely neighboring energy-levels, 
differing probably in the arrangement of inner orbits. They may 
thus be grouped into systems, each containing several series, char- 
acterized by a certain multiplicity or maximum number of com- 
ponents (which, however, is not attained in all terms).! Three or 
more systems of different multiplicity may occur in the same spec- 
trum. In such cases they are all of odd or all of even multiplicity, 
according as the atomic number is even or odd (the only known 
exception occurring in helium). 

The spectrum of an ionized atom (enhanced lines) is in these 
respects similar to that of the element of the next preceding atomic 
number: that of a doubly ionized atom, to the element preceding 
this, and so on. 

Transitions accompanied by radiations or “combinations” occur 
normally between terms belonging to adjacent series in the same 
system. Which components combine with one another is deter- 
mined by the ‘‘inner-quantum”’ rules.2— Such a combination forms a 
“multiplet,” or group of lines, which may number from 1 to 16. 

In the more complex spectra, combinations between terms 
belonging to the same series occur, and a few between terms of non- 
adjacent series, and also between terms of different systems. The 
last two classes usually give faint lines. 

2. Levels of origin. Ultimate, penultimate, and antepenultimate 
lines.—In astrophysical applications, these somewhat complex 
series relations are less important than the simpler matter of the 
energy-level of origin of the lines, by which is meant the lower of 
the two levels involved in the corresponding transition. An atom 
cannot absorb the line unless it is in this state. 

The relative numbers of atoms which, under equilibrium condi- 
tions, will be in the various energy-levels, are determined by general 
thermodynamic considerations. At low temperatures, practically 
all the atoms will be in the state of least internal energy, and capable 
of absorbing only lines which correspond to transitions from this 

* For details see Landé, Zeitschrift fiir Physik, 15, 189, 1923. 

2 Sommerfeld, Atombau und Spektrallinien, 1922. 

3 Fowler and Milne, Monthly Notices, 83, 403, 1923. 
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state to others. These lines alone will be found in the absorption 
spectrum of the cool gas, or its emission spectrum at a slightly 
higher temperature. As the temperature is raised, a small but 
ever increasing proportion of the atoms will, at any given instant, be 
in states of higher energy-content, and the lines originating in these 
will appear in the order of their levels of origin, and increase in 
relative intensity with rising temperature. Comparison of the 
spectroscopic data with King’s temperature classification shows, in 
all cases which have been investigated, a beautifully perfect correla- 
tion, which puts the correctness of this interpretation beyond doubt. 

Lines originating in the lowest level are, for obvious reasons, 
prone to reversal, and are usually the last lines to disappear when 
only traces of the element are present. The latter are De Gramont’s 
raves ultimes. Following his lead, we may call all lines originating in 
the lowest energy-level ‘‘ ultimate lines.” For those originating in 
the next lowest level, we may borrow a good word from the gram- 
marians and call them “penultimate lines”; while lines arising 
from still higher levels may be termed “‘antepenultimate.”’ 

If the two lowest levels are very near together (as in Ti+), 
lines arising from both may be called ultimate, and two or more 
nearby levels may similarly be included as origins for penultimate 
lines. 

Enhanced lines may be classified in the same way. Ultimate 
lines, arising from the lowest energy-level in the ionized atom, will 
be absorbed as soon as the gas begins to be ionized, and will therefore 
appear even in the furnace, and be strong in the arc, like H and 
K. Antepenultimate enhanced lines, like Mgt) 4481, which 
require that the ionized atom shall receive a large additional input 
of energy before it can absorb them, and still more before it can 
emit them, may not appear in the arc at all. 

It should be added that ultimate lines, in the sense here defined, 
are not always identical with De Gramont’s raies ultimes. The 
latter denote the most persistent lines in the region of the spectrum 
which is easily observable, and, if this includes no lines originating 
in the lowest level, lines arising from the lowest available level will 
be chosen, so that the raies ultimes may be penultimate lines (for 
example, the green magnesium triplet for visual observations). 
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Conversely, ultimate lines, though originating in the lowest level, 
are sometimes faint, and disappear when the concentration is small, 
so that they are not recorded as raies ultimes. For example, the 
calcium line \ 4226.7 (tS—1P) is a typical raze ultime, while d 6572.7 
(xS—1rp%), an intersystem combination, is of moderate intensity; 
and \ 4575.4 (1S—1D), a combination between non-adjacent series, 
is a very faint line. All these are true ultimate lines, greatly 
strengthened in the furnace at low temperatures, in sun-spots, and 
in dwarf stars. 

There would appear to be no reason why the French phrase 
should not be retained in use, as at present, with the significance 
attached to it by its author, while a somewhat different meaning 
is given to the English words. 

In the spectra first investigated (the alkalis and alkaline earths), 
the lowest energy-level (or normal state) of the atom is 15, and the 
ultimate lines belong to the principal series 13—mp; but this is 
not always the case. In aluminum, for example, the normal 
state is 1p?; iniron, 1d5; and in titanium, 1f%. The principal series 
in these spectra, when they have been detected at all, are incon- 
spicuous, and the ultimate lines belong, in different cases, to very 
different series, many of which have no specific names. 

3. Lonization and excitation potentials —As the vapor of a given 
element is heated, the ultimate arc lines appear first, followed by 
the penultimate and antepenultimate. In due time ionization 
begins; the ultimate enhanced lines appear, and later the penulti- 
mate, while the arc lines fade, disappearing in the inverse order of 
their appearance, since, even at high temperatures, many more 
neutral atoms are in the normal state than in any other. Still 
farther on, the enhanced lines give place to lines corresponding to a 
higher degree of ionization, or often apparently to nothing at all, 
if the latter lie far in the ultra-violet. 

In a normal atmosphere, however, various elements will go 
through this process at very different rates, determined by the 
ionization and excitation potentials, which measure the energy 
required to ionize an atom, starting from its normal state, or to raise 
it from this state to the various energy-levels from which penulti- 
mate and antepenultimate lines originate. This energy is usually 
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expressed in volts, one ‘‘volt’”’ being the energy acquired by an 
electron which has fallen through this potential difference, and 


_ equaling 8100 of the frequency units used to express the spectro- 


scopic terms. 

These data bid fair to furnish the basis for a quantitative theory 
of stellar spectra, permitting the calculation of pressures and 
temperatures in the atmosphere.’ Qualitatively, the order of 
appearance and disappearance of the lines of various elements in the 
stellar sequence may be understood by mere inspection of the data. 

In Table I data are collected for those elements for which informa- 
tion is at present available, or can be readily derived from published 
data. Fowler’s memoir? is the principal source, supplemented as 
indicated in the references. ‘The lines of each element are grouped 
according to their excitation potentials (E.P.), the ultimate lines 
coming first. The wave-lengths are given in I.A.; the intensities and 
temperature classes are taken from King when possible. Inten- 
sities from other sources are placed in parentheses. Following this, 
in the fifth column, is the series notation showing between what 
terms the transition occurs (the lower coming first), The successive 
series of terms are denoted, as usual, by the letters ‘‘s,” “p,” ‘d,” 
«Fo? “H? “FG? and the system to which they belong by an 
exponent representing the multiplicity—singlet terms being repre- 
sented, as usual, by capitals. The successive terms of a series 
are numbered consecutively, starting with the lowest, which is 
usually numbered 1. Fowler’s notation has been followed for lines 
given by him. 

Terms for which the combining properties are peculiar, and 
which do not belong to the regular series, are denoted by accents 
as ‘‘p’,” “‘p’”.” Lines of different systems are listed separately. 
Distinctions between the components of multiple terms, which are 
unimportant for the present purpose, are ignored, and but a single- 
series designation given for a whole multiplet (except in one or two 
cases, such as 7/7, where the separations are very wide). The 
ionization potentials, I.P., and the excitation potentials, E.P., for 


penultimate and other lines, are given when known. 


t Fowler and Milne, Joc. cit. 
2 Report on Series in Line Spectra. London: Fleetway Press, 1922. 
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The spectra of ionized atoms are listed independently, as are 
those of multiply ionized atoms in the few cases that have been 
investigated. As the list has been prepared for astrophysical 
purposes, only lines between \ 3000 and J 8500 are listed except for 
important ultimate and penultimate lines. Only the strongest 
lines are given for elements like Hg, which do not appear in the 
solar spectrum; while the lists for astrophysically important ele- 
ments like Ca and Tz are extended. The fainter components of 
multiplet groups are given only in the region where they may be 
observed in the sun-spot spectrum. Cases where lines are omitted 
are denoted by an asterisk under the series notation. Inter- 
system combinations, and those between non-adjacent series, are 
placed in parentheses. 

As an illustration of the notation, the calcium line \ 6572.78 
(1S—1p3) is seen to be an intersystem combination line between a 
singlet level, 1S, and a triplet level, rp. Since it is an ultimate line, 
1S must be the normal state of the atom, and since the excitation 
potential is less for the lines arising from rp than for any others, this 
is the next lowest energy-state, and the lowest in the triplet system. 

4. Flame, arc, and spark lines.—The data which are summarized 
in Table I throw a flood of light on many spectroscopic problems. 

Consider, for example, the relation of flame (or furnace), arc, and 
spark spectra. In the first of these, when the temperature is low, 
only ultimate lines appear (as in the Bunsen-flame spectra of the 
alkalis and alkaline earths (neglecting band-spectra due to com- 
pounds). For refractory elements, such as iron or titanium, the 
temperature of volatilization is usually high enough to bring out 
the penultimate lines in addition; though, when the spectrum is 
obtained at the very lowest practicable temperature, the ultimate 
lines may appear alone, as King has shown in the case of the emis- 
sion spectrum of iron’ and Grotrian for several absorption spectra.? 
When the ultimate lines of the neutral atom lie far in the ultra- 
violet, and the excitation potential for the penultimate lines is high 
(as in hydrogen or oxygen), no observable flame or furnace spectrum 
is found. 

t Mt. Wilson Contr., No. 247; Astrophysical Journal, 56, 370, 1922. 

> Zeitschrift fiir Physik, 18, 169, 1923. 


52 


A LIST OF ULTIMATE AND PENULTIMATE LINES 7 


Under the strong excitation of the arc all the lines of the neutral 
atom appear, and, since ionization is necessary for the passage of the 
current, lines of the ionized atom are also present. The ultimate 
lines of this second spectrum are always strong in the arc (unless, 
indeed, they lie in regions inaccessible to observation, as is presum- 
ably the case with the alkalis), and, if the ionization potential is 
low, they may appear in the furnace, even at moderate temperatures 
(as in Ca, Sc, Ti, etc.). Penultimate enhanced lines of low 
excitation potential appear faintly in the furnace, and are fairly 
strong in the arc. With increasing E.P. such lines become harder 
to get, and antepenultimate lines, such as Mgt \ 4481, cannot be 
produced in the ordinary arc at all, though the corresponding ulti- 
mate lines are strong. 

In the spark, the lines of the ionized atom are conspicuous 
(and those of the multiply ionized atom also, if they are accessible), 
while the lines of the neutral atom also appear, since the atoms 
ionized by the discharge must return to normal. Enhancement, 
and not mere presence, in the spark is therefore the practical test. 

If, however, the ionization and excitation potentials for a line of 
the neutral atom are both high (as in the case of the red triplet of 
oxygen), these lines may actually appear stronger in the spark than 
the arc, the excitation in the former being too weak for them.? 
The degree of enhancement for the lines of the ionized atom is, 
however, so much greater that there is usually little difficulty in 
deciding which are the true enhanced lines. 

The use of the familiar and convenient terms ‘‘flame”’ or “ fur- 
nace” lines for the ultimate lines of the neutral atom (or penultimate 
lines of low E.P.), “‘arc’’ lines for those of the neutral atom in 
general, and “‘spark” or ‘‘énhanced” lines for those of the ionized 
atom meets with no real difficulties, so long as it is remembered that 
the visible arc lines of one element may demand a higher degree of 
excitation than the enhanced lines of another. 

The table also explains the great astrophysical importance of 
the elements in the first half of the first long period of the periodic 
table—from Ca to Fe. Ultimate lines of all these elements lie in 


t Merrill, Mt. Wilson Contr., No. 183, p. 7; Astrophysical Journal, 51, 242, 1920. 
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the easily observable region, and are usually numerous, while 
penultimate lines, usually of low excitation potential, abound. 
Their ionization potentials are also moderately low, and fairly 
similar, so that their enhanced lines are fairly prominent in the 
sun and conspicuous in stars of class F, but disappear above class 
A, owing to double ionization. 

For the lighter elements of the two short periods, the ultimate 
lines are in the far ultra-violet (except for six lines belonging to 
Li, Na, Al, and Mg), and the excitation potentials of the penultimate 
lines are, in general, high. For this very reason, as well as their 
high ionization potentials, elements of this group furnish the char- 
acteristic lines in the spectra of classes A and B. 

The prominence of scandium, titanium, and vanadium in the 
sun-spot spectrum follows at once from their low ionization poten- 
tials, and the great number of their ultimate and penultimate lines 
in the region which is best observable. 

The analysis of the more complex spectra is at present advancing 
very rapidly. Among those not yet interpreted, the most important 
astrophysically are Si, Co, Ni, Nb, La, Ce, and among spark 
spectra Ctt+, Nt, Ot, Sit, Sitt+, Vt, Crt, Mnt. Almost all 
of these are known to be already under investigation, and some 
of the others (notably Fe+) are being studied at this observatory. 
The present list will therefore require considerable extension in a 
year or two. Itis planned to use it here in studies of solar, sun-spot, 
and stellar spectra, and it is published in its present incomplete 
form in the hope that it may be of use to other workers in astro- 
physics. 

The writer takes pleasure in expressing his obligation to Drs. 
Meggers, Kiess, and Walters for their generous communication of 
valuable data in advance of publication and to Miss Charlotte E. 
Moore for much help in tabulating and checking the data. 
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TABLE I 
=o nN | Int. | Class Type Notes 
Hydrogen, H, I.P. 13.54 
OuOntyI2 s TLS OO Me lesen le nes aces IS—2P 
TOO RAGS tamaeeercas ero sree eye) ate eie ante ai IS—3P 
TORPSY ote sy. c 6562.79 (Give) )# Mead ba Serckty es 2P—3D (Ha) 
4861. 33 KC) ames | eee oe eens 2P—4D (Hp) 
4340. 46 02) cca RN AP oer 2P—sD (Hy) 
4101. 74 (7) ue we eee ey 2P—6D (Hé) 
3970.08 (6)i 2 oe|sce eee 2P—7D (He) 
3889.05 mee eres 2P—8D (H¢) 
3835.30 (Ag iter, Seer es 2P —9D (Hn) 
3797.90 (3) oats amoral! 2P—10D (H6é) 
3770.63 (2) Dees or hie 2P—11D (H:) 
3750.15 Gah WS gh ea ee 2P—12D (Hk) 
DANO eas. 18751.05 (LO) oat el tetas ss 3D—4F 
12818. 11 (5) igceaer |(eemcons oats 3D-s5F 
Helium, He, I.P. 24.41 (1) 
ORO Need eer STAR tee Oo | se cate eters aaisuels So6 ee. (oS— 1p?) 
GARMIN Ere ee ye gen [lee eee ci oS—1P 
SU Ee De eile foietalate © si ersoasl 97a seus erctone oS—2P 
19.68...... See (Goo) F are a ceiente ccs 1s?— Ip? 
3888. 65 (TO Wad walis Se erst tees 1s?— 2p? 
3187.74 (Sig © Ele swerseis. cs Is?— 3p? 
BOvAQ ten. ed 20582.04 Cie) le |g (Se eae 1S—1P 
5015.68 C6) ie + | ae ee oss 1S—2P 
3064.72 Oke Rl atte eerste 1S—3P 
3613.64 62). pall ie dee aera 1S—4P 
3447-59 C7 alae cae ees 1S—s5P 
BOnSIvet a. 7065.68 (3h ives 
7065. 19 (s) aS @. 061s ees Ip? 2s 
5875.96 (x) i as 
5875.61 (ro)f  frvtetectee 1p?— 2d? (D;) 
4713.37 3h PSS 
Cas (3)f frrttctee Ip?— 3s 
4471.69 (x) eae 
4471. 48 (of frveeeesee Ip d 
4120.08 (x) eae 
4120. 81 uy Sie a Ip?—4s 
4026. 36 i aa 
4026. 19 Oy a oe 1p?—4d 
3867.62 uy = 
3867. 46 (2) eee eeeeee ip7— 58? 
3819. 75 (x) acs 
3810. 6r ust GS et ear treraheks Ip? 5d? 
3795-13 (x) spas 
370800 uy Se lsielhatele one Ip?—6d 
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TABLE I—Continued 
r | Int. | Class | Type Notes 
EP. | 
Helium—Continued 
QT oe eis 7281.35 (3) iow leet es see tP—2S 
6678.15 (6) ar here r1P—2D 
5047.74 (2) Walibetaosniccores 1P—3S 
4921.93 (4), (Eee eee 1P—3D 
4437-55 (n)> Dixie. ore tP—4S 
4387.93 6) Ricoto cesdidc 1P—4D 
4143.77 (2)! i als sectonve tenes 1P—sD 
4009. 27 (q)E~ Basa eccre 1P—6D 
Ionized Helium, Het, LP. 54.18 
OL Ontos EloR ten | Basthon cae ib od a Poh orm. tasa.40 1S—2P 
AG Os ceecrs TOAO. AO | naeacsars eeaeion inne eeecte es 2P—3D 
ROER TOO al aerate sy serrate setae eae 2P—4D 
AS ELO ce rseg AOSSHOLT tah a oiieels isto less cavers ee 3D—4F 
BIOS TO? alice his stot wieke lation Rrteecens 3D—s5F 
info te ver aae G8GOc TOs leans Wiig avacers nile estcetohbane 4F—6G 
BALD GUE [ere ca thace hte a lepaevaceare the 4F—7G 
ASSO. 3000 sare caterer pas mlgceeree 4F—8G 
ARAL. O80 |e raatadinem sisvais|areearnden ce 4F—9G 
Zea EME AOE OIOCE A Ryle IOP EI 4F—10G 
ALOOS OY llucteees betes | eaves 4F—11G 
vis Koro Pre’ WM le ALTA ac Bid Wenn cree xchc 4F—12G 
AON. OA mel pratima stecc. ote lla are crake ee 4¥F—13G 
SGOS AN @ Niece tain ars eie: oe liareca pote eet 4F—14G 
BOQBORTM | trctslee etocttrs les siete acer 4F—15G 
Neon, Ne, L.P. 21.5 (2) 
16. 56(s.) to 
16.78 (S2)..| 6598.95 Cog gl cvanee een 2 ISa— 2P2 
6506. 53 Cre) AT ety are ee IS4— 2) 
6402. 25 (20) MUP Sarees ISs— 2Po 
6382.99 (52) 0b pul Peer IS4— 2P7 
6266. 49 (5) tow |e ee See 1S3;— 2s 
6217. 28 (Cle Miboodeps oa? ISs— 2P7 
6163.59 (Co) ENP A Peete eC IS3— 2P2 
6143.06 (12) eee eee ISs— 26 
5975-53 Cr )h iro) geben tee. ISs— 2Ps 
5881.90 (20) jae eee a ISs;— 22 
5852.40 (5O)o dil eves IS2— 2px 
5400. 56 (50), Wolianece eee IS4—2Dx 
3503.52 rife) Paste ee AEE nt ISa— 3D, 
3520.47 oye” Ter een. IS2— 3Pz 
3472.57 (TO) Sal aan ISs— 3D 
3417.90 (70) | Une renee, IS4—3D,4 
3369.91 (TEED Ve eee ISs— 3Pa2 
3369. 81 (50) Sal oe eae ee ISs— 3D, 
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Int. | Class | Type Notes 


EP. | 
Neon—Continued 


18.3 to 18.5 5764. 43 


(x 2) SNe Otani oie 2P10— 5d; 


Lithium, Li, I.P. 5.37 


GORD lee aay, 1s?— 1p? 
(BR) 0 -lScesdacees 1S?— 2p? 


eR Sc OIRO 2S. 


(OR) \ Betetssotevevistets Ts? 2p" 


HENRY NORRIS RUSSELL 


I2 
TABLE I—Continued 
a r | Int. | Class Type Notes 
Potassium—Continued 
TAO Chee 6938. 98 (8) Baws 
bore 5) ee ip 3s 
5832. 31 (7R) vss 
5812. 71 (6R) cote tesess Ip? 4d? 
5802. 16 (6R) Cpe 
5782 77 eR} ans faite: iene) eye Ip*— 4s' 
Rubidium, Rd, I.P. 4.16 
OlOse scale 7947.64 (8R) ae 
7800. 29 (oR) fs Pr eseere Is?—=iIp 
4215.56 (7R sali 
4201. 82 (BR)f [sseereees Is?—=2p : 
TVSGso sce 7757-83 (8) ba et 
7619.12 (8) arafS S06: 88 16: © <P 3d 
7408. 37 (ro) oe 
7280. 22 trajf o|72s 2? oaee? ipt—=3s 
Caesium, Cs, I.P. 3.88 
OrOsties sine 8943. 46 (10R) 
8521.12 (zoR)f [eters xl 
4593.16 (6) me 
4555.26 (g)fo freveeteeee Ts?—=2p2 
Lig g Ae ead Q172. 23 (2) 
876r. 25 (at exe es esatartptans tp*— 3d 
7944. 11 (6) p 
7609. 13 (s) Peri ior Beta e Epa—ocd 
Pgh. ck oe 8079. 24 (8r) | . 
8015. go (8r) f 6.466) 4) 60 6.8/6 2d?— af 
Copper, Cu, I.P. 7.69 
OED cree 3273-07 oR} oS 
3247.55 (roR)f [rorccttee Is*—1p 
TOA oer 5782.16 (8)\ 
5700. 25 (6) f erreur 2 msi] O 
BE BOS cetera 8092. 76 (zo) 
7933. 19 (xo)f fottetrree Tice 
5220.04 (6) 
5218.17 LO) ale ammeter Ip? — 2d? 
5153-23 (8n) 
4530. 84 (6r)| a. 
4480. 38 (6r) f pita Star a Rew he Ip*— 3s 
4063. 30 (4n) 
4062.69 (Gn) 7 Wa corner Ip?—3d? 
4022.67 (6n) 
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TABLE I—Continued 


oe oN | Int. | Class | Type | Notes 
Silver, Ag, LP. 7.54 
CEO. hatete'e s 3382. 86 (1oR) Ae 
3280. 66 (z0R) Por wat ma ee Is Ip? 
BOO ae ss 8273.73 (10) ve 
7688.12 Coe oe tps 286 
5471.51 (6) 
5465.45 (LOR) hall gee ere cats Ip?—2d? 
5209.08 (zoR) 
4668. 52 (8r) S 
4476.12 (3) fee < pa Sse 
4210. 71 eR} eer: 
4055 31 (6R) © 8.316 610) 018 0) 0 Ip 3d 
Gold, Au, I.P. 9.20 (3) 
Onesies 2675.95 ery ae 
2427.98 eR here as TSt—= 2p 
et 
se ois 7510.74 tay} See 
5.08 5837.43 3) a 2p7—25 
4811.63 (s) 
4792.60 (S) pee cal leemercie core 2p?— 2d? 
4065.07 (6) 
Beryllium, Be, I.P. 7.5: (4) (5) 
AOU ec ck 2348.63 (16) Jue) seeaeemrane ls 1S—1P 
? 3321.35 (8) 
3321.09 CNT es ae Ip3—1s3 
3321.01 
Repo ore evere« 4572.69 ()b 2. | Se cee 1P—1D 
Ionized Beryllium, Bet, I.P.? 
OBOn Ge nas 3131.07 3 1s?—1p? 
3130. 42 (z2) ee eS 
Magnesium, Mg, I.P. 7.61 
Ohilejqeioe Ge 4571.15 5 IA (xS— rp3) 
2852.11 300R Ill IsS—iIP 
Bete oid ates 5183.67 125 aa) 
5172.70 80 II Ip3— 1s 
5167.38 40 
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TABLE I—Continued 
nN | Int. | Class Type Notes 
E.P. 
Magnesium—Continued 
2.67—Cont. 3838. 29 roor II 
3832.31 8o0r II Ip3— 2d3 
3829. 36 40 II 
33306. 69 20 Ill 
3332.14 Is ia Ip3— 2s3 
3329.93 Io Il 
FRCL AR Ae 8806.75 (8) ea |, eaten teeta rP—2D 
5711.13 I Vv rIP—35S 
5528.42 Io Vv IP—3D 
4703.00 40 V r1P—4D 
4351.91 30 IV rP—sD 
4167.39 ron IIe rP—6D 
4057.63 5n It 1P—7D 
Tonized Magnesium, Mgt, IP. 14.97 
OOaisenise 2802.70 (50) IV ee 
2795. 52 (50) IV ee iP 
RATS oreo 2930.50 (35) Vi oom. 
2928.63 (35) es 
2797-99 (40) ane 
2790.77 3} Seiden cere Ip?— 2d? 
READ ah cle rs 3615.64 (3) gut 
3613. 80 Cp [ass seers 254— 314 
Brose eee 4481. 33 (100) | Sie 
4481.13 ee if eee ee ome 2d? 3f 
3104. 81 (30) aes 
3104.72 biel MO caer ee 2d?—4f 
DPOB ey acids 4433.99 Gy pe 
4427.99 (7) siaiishe asset sais 2p 4s? 
4390. 58 (10) car 
4384. 64 (g)f  frrcrrtteee 2p?—4d 
Calcium, Ca, I.P. 6.09 (6) 
OF Ons ves ss 6572.78 8 IA (1S—1p3) 
4575-43 OY tweeters eae (xS—1D) 
4226.73 500R I 1S—1P 
PASS ies Ae 6162.18 I50 II 
6122. 22 100 II Ip3—1s3 
6102.72 80 it 
4450.61 Io II 
4455.88 40 I 
4454.77 80 I 
4435.67 40 I tpi ads 
4434.95 6or Z 
4425.43 50 I 
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E.P. 


r.88—Cont. 


2.53 


eee eee 


4318. 
4307. 
4302. 
4208. 
4289. 
4283. 
3973- 
3957: 
3948. 
3044. 
36030. 
3624. 
6508. 
6499. 
6493. 
6471. 
6462. 
6439. 
6464. 
6455. 
6449. 
6169. 
6169. 
6160. 
6163. 
6161. 
6156. 
5602. 
5601. 
5598. 
5594. 
5599. 
5588. 
5581. 
5270. 
5265. 
5204. 
5262. 
52061. 
5260. 
4585. 
4581. 
4578. 
4008. 
4094. 
4002. 
7202. 
7148. 
6717. 


65 
74 
52 
99 
38 
or 
72 
05 
go 
40 
75 
gti 


TABLE I—Continued 


Int. 


| Class | 


Calcium—Continued 


Ips—1p’s 


Ip3— 2s3 


1p3—3d3 
* 


1d3— 1f/’3 


(rd3—1D’) 


1d3— 2p3 


1d3— 1d’3 


1d3—1p’3 


1d3— 3f3 


1d3— 4f3 


(1D —xf’) 


r1D—1D’ 
r1D—2P 


Notes 


15 


16 HENRY NORRIS RUSSELL 
TABLE I—Continued 
r Int. | Class Type Notes 
E.P. 
Calcium—Continued 
2.70—Cont. 5349.47 25 Til 1ID—1F’ 
5041.61 40 Ill TD —3k 
4878.13 50 Ii 1D—3F 
4526.94 30 it 1D—4P 
4355.10 25 Tit 1D—4F 
4240. 46 6 Il tD—s5P 
4108. 55 1oN Til ID—5F 
3972.58 3 Ii 1D—6F 
QOD as dees 7320.10 2 II rP—2D 
5857.48 100 Ill rP—r1P’ 
5512.98 20n III rP—3s 
5188. 85 50 It r1P—3D 
4847.29 2 TIA 1P—4s 
4685. 26 I2 Ii r1P—4D 
Ionized Calcium, Cat, LP. 11.82 
ONO ee es 3968. 47 350R a 1s?— 1p? (H) 
3933.06 400R II (K) 
Dy os sorcietars 8662. 11 (9) Vv 
8542.15 (10) W 1d?— 1p? 
8498.00 (8) Vv 
UIA Saal se\s os 3730.90 12 Wi 
3706.02 10 v} rae 
3181. 28 4 Vv ~ 
3179.34 15 V Ip?— 2d? 
3158.88 Io V 
Strontium, Sr, I.P. 5.67 (6) 
ee enar crc 6892.62 50r I (xS — xp) 
4607.34 600R I 1S—1P 
TiO wacis:s oh 7070.10 400 II 
6878. 35 300 II Ip3— 1s3 
6791.05 I0o II 
4962. 24 40 I 
4872.49 40 I Ip3— 2d3 
4832.08 sor I s 
4811.87 4or i 
4784. 32 30 I 
4741.92 30 I aS 1p’3 
4722.27 30 I 
Be Tice cake oe 6617.27 50 It 
6503.99 80 II 1d3— r1f/’3 
6408. 47 100 II = 


A LIST OF ULTIMATE AND PENULTIMATE LINES 17 


TABLE I—Continued 


| 
PN Int. 
RP. nt | Class Type | Notes 
Strontium—Continued 
2.27—Cont. RRopes 25 I 
5504.17 30 II 1d3—1d’3 
5480. 84 40 II ~ 
5256.90 50 Il 
5238.54 30 1. 1d3—1p/’3 
5225.11 20 II i 
Tonized Strontium, Srt, LP. 10.98 
ONC apaanite 4215.52 300r II oun 
4077.71 400r i aa! 
MESO aces cv.s TOOLS) As ¥, Loe ee es il ae 
LOS ZOOM lage es arekir: Oe ee ars i ge 
BeOsaeeinisys « 4305.46 40 il 1 
4161. 81 30 IV?s ee 
3474.90 10 Vv 
3404. 47 50 id Ip*— 2d? 
3380. 72 50 V 
Barium, Ba, I.P. 5.19 (6) 
RON aeretase as 7911. 36 3 IA (xS—1p3) 
5535-53 roooR I is—1P 
3501.11 200R II iS—1P” 
BEDS eiptica % 7072.12 2s5r I 
7280. 31 rs5or Ir 1d3—rf""3 
7060.00 400r ct 
6595.35 200 I 
6527.32 250 I 1d3—1d’3 
6498. 78 300r II 3 
6110. 81 300r II 
6063.15 200 ft 1d3—1p’3 
6019.50 100 II + 
3993-40 80 Il 
3035-72 50 II 1d3— 3f3 
3909.92 40 Il = 
3579.67 8o0n Til 
3544. 66 8on Til 1d3— 4f3 
3524.97 8on iil = 
Te ATcnrer i nce 5826. 29 I50 II 1D—1P” 
MSO de ,65.5%s 7905.80 6 Til 
7392.44 30 Il Ip3—1s3 
7195.26 80 Til 
5777-70 40or II) 
5519.12 200 II rps— 2d 
5424.62 I00 II a 
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TABLE I—Continued 


x | Int. | Class | Type Notes 
EP: 
Tonized Barium, Bat, LP. 9.06 | 
BOAR raat: 4934.10 700R II ae 
: 4554.04 rtoooR II lS | 
Or OS antavciets 6496.90 6oor III 
6141.76 6oor Ill 1d?— 1p? 
5853.70 200 iil 
DAU L ae Bie cis 4899.97 35 Yt eee. 
4524.95 35 V see: | 
4166.02 20 V 
4130.68 80 V Ip?— 2d? 
3801.79 50 Vi 
Zine, Zn, LP. 9.35 
OrOse oe 3075.88 (SR) a ene cae (1S—1p3) 
2138. 61 (8R) ile trrakaeen 1S—1P 
AsOLs. so 4810. 53 (roR) 
4722.16 (FORME Where scence Ip3—1s3 
4680. 20 (1oR) 
3344.91 (roR) 
3302.56 (SIR) eon arackaeiiet 1p3—2d3 
3282. 28 (8R) 
Chey Be 6362. 37 (To) teal eotieerae r1P—2D 
4629.88 (BPP pale ar rancee 1P—3D 
Ionized Zinc, Zn+, LP. 18.2 
On OF since ies 2061.96 (7) 
2025.49 (8) Esialesers sie Ste Ts*—=2p4 
OnlO sss « 6214.65 ty 
5804.43 (ee 2p?—md?? 
Cadmium, Cd, I.P. 8.05 
GLO sone oe 3261.04 (10) Sot allt ior eters (1S—1p3) 
2288.02 (TOR) aaa ees 1S—1P 
Ay | eee 5085.88 (roR) 
4799.91 (TOR) Ol eecceeaer Ip3—1s3 
4678.19 (roR) 
3610. 51 (1oR) 
3466. 18 ATOR) (ae see eeer Ip3— 2d3 
3403.60 (1oR) . 
RUS Os 20 se 6438.47 (50) Salt oe oor 1P—2D 


E 


Cae ie eras 
oo 
— 
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TABLE I—Continued 


r Int. Class | Type | Notes 

Tonized Cadmium, CdT, LP. 17.3 

2265.04 (8R) Saas 

2144. 39 (8R) Pe ars or Wi Is Ip 

Mercury, Hg, I.P. 10.39 

2536.52 (Gacso) praca SD Eee (xS—rp3) 

ESA 15 Toes ies avelererehn ed same o eieeiciew Oe Is—iP 

5460. 74 (10) 

4358. 34 (UO) | eae tl ee rot en Sea Ip3—1s3 

4046. 56 (zo) 

5790. 66 tron} eRe 1P—2D 

5769.60 (TOT) ae Nee see © (1P—2d3) 

Boron, B, I.P. 7: (5) 
2497.7 (zo) eee: 
2496.8 te} Sigietels.s e066 Ip 1S 
Aluminium, Al, I.P. 5.96 

3961.54 (roR) cera 

3044. 03 (eR weaves LAs 

3092. 84 (6R) 

3002.72 (TOR) ta | ereeererccerele 1p?— 2d? 

3082. 16 (r0oR) 

6698. 73 (3) ase 

IGE Ce 1s?— 3p 

Ionized Aluminium, AIT, LP. 18.18 (7) 

3057.16 Grits) funn net ceases (1S— 1p) 

1670.98 C26) toe || Shes, Ss iier a isS—1P 

1862. 48 (z0) 

1858.13 CONG maa Aomaeeenss Ip3—2s3 

1856.00 (3) 

7063.62 (3) 

7056.56 Coen Pally, scxcrensnserse 2s3— 2p3 

7042.06 (5) 

3587.44 (7) 

3587.06 (CO 2 get ise aero 1d3— 2f3 

3586. 55 (9) 


20 HENRY NORRIS RUSSELL 
TABLE I—Continued 
r | Int. | Class | Type Notes 
EP: 
Doubly Ionized Aluminium, AL, LP. 28.32 (8) 
OLOee Sone 1854.67 (z0)\ = 
Be (ro)f  fevser eres 1s*—Ip? 
GOA Eee a: 1611.94 (8) ens 
Be (Bf [ost oeaete 1p?—1d 
TANS sonic 2 3612.35 (ts) Ertos. 2 
So bee (soyf  reererees 1d?—1p 
I. Ga, I.P. 5.97 
Getic yd 4172.06 (30R) ets 
4033.03 (30R) ebvatat aes eiieus Ip Is: 
2944.18 (sR) 
2943.66 (TOR) peso ee ens Ip?— 2d? 
2874. 24 (roR) 
iit ners esr ea Sk 5-76 
OnOn verte: 4511. 27 (1toR) ee 
4Ior. 72 (8R) pik elo tanenstere’ts Ip Is 
3258. 52 oes 
3256.03 GEOR oa else eectemmnten Ip?—2d? 
3039. 34 (10oR) 
Thallium, 77, I.P. 6.08 
(oan NE 3775.72 (GR) ear |e aero * x1p3—1s? 
2767.67 (TOR)Em | eee eee 1p3—1d? 
0008.56.50 5350. 46 (TORS) bee | Werte eee Ip?— 1s? 
3529-43 (8R)\ I 2— 22 
3510. 24 (xoR) f Riera lak 6560 SSR ap Pr 
Ionized Carbon, CaaLP 24.28 (9) 
On. ease 1036. 84 (5) e 
1036 22 (5) sits salle’ ace naar! i 8 alt 
858.2 C7) We aliegs cists eos rs Ip?— 2s? 
TIOOr cee 2837.60 (8) 
2836.71 Gain, eee x= 2p? 
PAS Soc acs 6582.85 (8) 3 s 
6578.03 (x0) Bateieneieeeret rae 2S*— 2p 
TO/24. 5). ss 7236.19 (8n) J 
7231.12 (6n) aiatisinuesde ey iensts 2p — 2d? 
3920.77 (8) . 
3919.06 (6)f_ |rotenereee 2p*—38- 


E. 
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By 


sete ee 


tee eee 


TABLE I—Continued 


Int. | Class | Type | Notes 


Ionized Carbon—Continued 


(ron) ee 
(8n) ee ea ad af 
iy Fas Seetorakes ad4— ape 

Trebly Ionized Silicon, Sit +1, LP. 44.05 (10) 
OS SSaose Maes Bhai oh Oey 
vey ebm s owes os 2S7— 2p? 
Lead, Pd, I.P. 7.38 (rr) 
(Ole) sea Sees wk 2P4— 28 
(CoH eS peril bonis aS 2p4—3d 
KOR) Pe loess seats 2p3— 28 
BY etn Sans corte 2p3;—3d 
CRO mit Soesene 2Pa— 2S 
GES aan | EE ara Rae 2pa—3d 
ts} em smutkencs 2pr— 28 
3 
Sh bit on a 2pr—3d 
3 
(SiS: AM ii ent eon, eo, eee 2P1— 3S 
Ga Wan = Se 2pr1—X 
(ERY Seat eae gees oe y—3s 
A) We Maleate erates y—x 
Oxygen, O, I.P. 13.56 (12) 
A Na al Beat ee (op3— rs5) 
Bye) sierra retatens | <)arelers steroters op3 — 1s3 
(6) 

as Seale lee 1s5— rps 
Io 
(4) 

as trate, 1s’— 2ps 
Io 

(ZO) eerste Is}— 1p3 

(CEO) ea & | eseears SAGs Is’— 2p3 


20. HENRY NORRIS RUSSELL 
TABLE I—Continued 
= r Int. | Class Type Notes 
Oxygen—Continued 
TOROOM eS cls 6456.07 (9) 
6454.55 Hypa Mell coset am Fe oke IpS— 385 
6453-69 (6) 
6158.20 (zo) 
6156. 78 (8) poe | oe ceaeranee ee rps—3ds 
6155-99 (7) 
TONOA sane 7254.05 (2) Tl tcp cheaters Ip3— 383 
7002. 22 (4) Been ae Ip}—3d3 
6046. 34 a ae Pee ar Ip3—4s3 
5958. 53 (6d) 27. bao coats 1ps—4d3 
Sulphur, S, I.P. 10.31 (13) 
Os Onn so 5 1914.96 Pe 
1900. ah EEL, SAY dE AER Net c 8 (op3— rss) 
1826.35 
TODOS Sa ars 5 steusistoseece ca | ore cnonanciae ees op3 — 1s3 
1807.42 
O50. 4 oo 9237.71 
ZB UT eo hele cet ate tara NS hy. 5, Sestetterere Is5— rps 
9212.80 
4606. 31 (6) 
4695.51 (8) ro Pal Svea 1s5— aps 
4694.18 (zo) 
TGA Satns's 6757.16 (7) 
6748.83 (0) ae el ee ee srps—4ds 
6743.69 (5) 
Selenium, Se, I.P. ? 
oe a 4742.58 (8) 
4739.28 (G)\) geal ae oe Is5— 2ps 
4731.04 (10) 
Scandium, Sc, I.P. 5.4: (14) 
Clone ene 6448. 10 a IIA (28) 
6413.37 50 IA d?—1d” 
6378.83 40 IA : (15) 
6344.84 5 IIA 
6305.99 20 IA 
6305.69 400 IA . 
6239.78 100 ITA 1d*— 2d" 
6239.40 20 IITA 
6276.30 15 ITA 
6258.97 100 IA , 
6210. 68 200 IA 1d?— 3d’ 
6193.66 (3) ITA 


a 
co 


: 
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0o.o—Cont. 


E.P. 


Int. | Class | Type 
Scandium—Continued 
I5 ITA 
Io ITA 1d?— 1p”? 
2 ITA 
4 ITA 
20 TN 1d?— 1f 
15 IA 
a 1d?— 4d’ 
25 I 
100 a 
75 a I d? 7m 5d 
3° T 
20 Ir 
I00 2 nf/2 
Il d-—20 
75 gf 
20 
ITA 
T5 ILA 1d?— 2p”? 
6 IA 
15 TIA 
I5 TIA 
I0o IITA 
I5 IIIA 1f4—1g’4 
I0o II * 
I50 It 
200 II 
40 II 
II 
= TI rf4— 1f"4 
125 Il . 
40 Ill 
30 Tit 
20 Ill 
Is TIT 1f4—1d’4 
30 III % 
5 III 
(2) IVA ees 
I5 IV as Fata 
pe iv} rf 6d 


Tonized Scandium, Sct, I.P.? 


2 Til 
7 Il 
Io Ill Shey 
ae rat 1d3— rf’s 
12 II 
30 Il 


Notes 
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TABLE I—Continued 
r Int. | Class | Type Notes 
E.P. 
Ionized Scandium—Continued 

o.0o—Cont.. 3590. 48 6 ut 

3589. 64 6 Il 

3580. 94 7 II 

3570.35 8 II 1d3—1d’3 

3572.53 20 II 

3567.70 6 II 

3558.55 7 II 

3372.14 12 iil 

3368.94 8 Il 

3361.94 6 iil 2 

3301. 26 6 inws 1ds— 1p's 

3359.68 6 Il 

3352.05 2 II 
Tenens 4246.83 75 Il ? (16) 
OO era vie x73 4431.35 4 Vv 

4420. 66 (2) ae 

4415.55 40 TI 

4400. 38 50 I 1f3— rf’ 

4384.80 8 IV 

4374.46 60 Ill 

4354.60 8 V 

4325.00 50 Il 

4320. 73 75 III 

4314.09 I00 III 1f3— 1d’3 

4305.71 Io IV a 

4204.77 10 IV . 
BEAR ee Ns bs 6320. 86 (2) fie 

6309.90 (2) Nek 

6300. 70 (1) ee 1p}—1d’3 

6279.74 (3) ty, z 

6245.64 (4) Vv 

5684. 21 8 Vv 

oe 05 2 IV 

5667.1 2 Vv 

5658.35 2 Vv 1ps— rps 

5657.89 15 Vv 

5640.99 2 V 

Yttrium, Y, LP. 5? (26) 
ORO an tele 0435. 02 t3} 
402.02 3 

6222.58 (4) 9 6.0 6 oslale 6 1d?—md’” 

6191.71 (1) 

6138. 43 (4) 

6023.41 (3) to alae cesta es 1d?—mp”? 

5944. 86 (x) 


7° 
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4760. 
4674. 
4643. 
4174. 
4142. 
4083. 
4128. 
4102. 
4039. 


4422. 
4398. 
4358. 
4309. 
4235. 
4199. 
3788. 
3774- 
3710. 
3611. 
3001. 
3600. 


4900. 
4883. 
4854. 
4823. 
4786. 
5320. 
5289. 
5205. 
5200. 
5119. 
5087. 
4982. 


6413. 
6359. 
6325. 
6206. 
6205. 
6273. 
6257. 
6031. 
5984. 
5944. 
5949. 
5913. 


99 


TABLE I—Continued 


Int. | Class | Type Notes 


Yttrium—Continued 


Titanium, Ti, L.P. 6.5 (17) 


sesrene aie ITA 


° ITA 
I TA 
2 ILA (1f3— 1g’s) 
I 


I ITA (1f3— xf’s) 
A 


25 


26 HENRY NORRIS RUSSELL 
TABLE I—Continued 
oN Int. | Class Type Notes 
EP. | 
Titanium—Continued 
o.o—Cont. 5490. 82 I IA 
5460. 51 4 IA 
5446.67 2 IIA 
5426.27 B IA (1f3— 1d’s) 
5408.93 (x) IA 
5396.57 I IA 
5376. 58 (0) Res 
5252.15 8 IA 
5219.72 8 IA 
5210. 30 40 I 
5192.98 35 I 1f3—1f’3 
5173-74 30 I 
5152.18 Be) IA 
5147.48 Io IA 
5064. 66 25 I 
5039.96 22 I 
5014.19 (25) I 1f3— 1d’3 
5009. 65 7 IA * 
4997.10 8 IA 
4715.31 4 IIA 
4693.68 5 IIA 
4681. 91 30 I 1f3—19'3 
4667.59 25 I 
4656.47 25 I 
4562. 63 6 IITA 
4527. 40 | aap | Ge) 
4496. 24 2 IIA 
4462.08 2 IIL at (xf—1F’) 
4112.73 20 II 
4076. 38 4 III a} (xf—1G’) 
4024. 57 35 II 
4008.94 35 I 
3998. 65 1ooR Il 
3980.77 80R It 1f{3— 2f’3 
3081.77 70R II 
3964. 27 35 it 
3962. 85 35 II 
3958. 21 80 Il 
30506. 28 60 It 
3948. 66 60 II 
3029. 87 40 II ths— ad's 
3924. 51 50 II 
3898. 49 8 ll 
3771.64 25 I 
3753-93 25 I 
3752.87 8or I 
3741.06 6or I 1f3— 4f/3 
3720.77 5or I 
3722.58 15 Le 
3717.39 20 I 
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TABLE I—Continued 


aN | Int. | Class | Type Notes 
E.P. | 
Titanium—Continued 
o.o—Cont. 3689. 89 15 I 
3668.95 I5 I 
3660. 62 12 I ea ey 
3654.58 15 I 1f—3d's 
3046.19 12 I 
3037.97 Io It 
3071.66 20 I 
3658.14 20 I 
3653-49 roor I 1f3— 29'3 
3042.68 8or I 
3635.47 8or I 
3385.93 4or II 
3377-57 30r I 1fs— 5d’3 
3370.42 40r II 
3371.44 80R Il 
3354.64 6or II 1f3— 323 
3341.87 5or II “4 
3109.91 TooR II 
3192.00 80R II 1f3— 49’3 
3186.45 6or II = 
OnO2ee aso» 8435.64 (5) 
8434. 89 (4) 
8426. 46 CA) Pee Sat toe te x 1fs—1d’s 
8412. 34 (3) : 
8396. 85 (2) 
5045.43 5 TILA 
5043.59 7 TIT A 
5040. 63 6 IITA 
5024.85 20 dW 
5022.87 25 II 
5020. 04 25 Il Ly ey 
5016.17 20 II 1f5— 28's 
5014. 28 (25) ul 
5007.22 40 II 
4999. SI 45 Il 
4991.08 50 II 
4981.75 60 II 
4555-50 30 Il 
4552.56 35 Il 
4548.77 35 II 
4544.70 30 Il 
4530.00 40 II 
4535-92 40 II 1fs— 2f’s 
4535.58 50 Il 
4534. 78 60 II 
4533-25 80 II 
4527.32 35 i 
4522.80 49 10 
4518.03 50 II 
4512.74 40 II 
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TABLE I—Continued 


r | Int. | Class Type Notes 
E.P. 
Titanium—Continued 
o.82—Cont. 4305.91 60 II 
4301.08 50 II 
4300. 55 50 II 
4208.67 40 I 
4205.75 22 II 
4290. 93 22 Il he ay 
4289.08 25 II 1f5— 2d’s 
4287.41 22 II 
4286. or 25 II 
4281.40 Io Ill 
4274.60 Ts Il 
4272.44 8 TIA 
4326.35 9 = 
4314.80 25 io 
4299. 64 15 11 aoe) 
4288.18 3 JIA 
weyipers eas 6743.14 Io IIIA 1D—1D’ 
6599. 12 I2 IITA 1D—1F’ 
4958.25 2 IIIA (1D—3d’s) 
* 
4840. 88 25 I rD—2D’ 
3904.77 4on II ID—2F’ 
3786.03 20 II 1D—1P’ 
Ws Ol an ss aie 8692. 29 (1) 
8682.93 (2) a Steere repens rp3—1d’3 
8675. 33 (2) ih 
6126. 21 20 aH! 
6085. 22 20 ict Ip3—1s’3 
6064.64 9 ILA 
5941.73 12 IIA 
5937-79 0) IIIA 
5922.11 18 II 1p3—2d’3 
5899. 29 25 II 
5866. 45 35 II 
5295.78 4 III 
5284. 39 2 IIA Ip3— 3d’3 
5282. 38 3 IITA = 
4723.18 Io eal 
4722.63 Io III 
4710.19 18 Til rp3—s5d/3 
4698. 79 20 II 
4691.34 20 II 
4082. 46 20 Ill 
4078.47 30 Tl 
4065.11 5 Ol ‘ ; 
4064. 22 15 Tit Same) 
4060. 27 20 III 
4055.02 20 Il 
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EP. 


1.05—Cont. 


eee ewes 


eee eee 


3725. 
3709. 
3702. 


7364. 
7357- 
7344. 
7299. 
whe hy) 
TORT. 
7244. 
7200. 
7188. 
7138. 
6556. 
6554- 
6540. 
6508. 
6497. 
6366. 
6336. 
6318. 
6312. 
6303. 
6261. 
6258. 
6258. 


5514. 
5514. 
tee 
5481. 
5471. 


5474. 
5453- 
5438. 
5145. 
5113. 
5087. 
5038. 
5036. 
5035. 
4457- 
4455- 
4453. 


7949. 
4820. 
4427. 
4186. 


TABLE I—Continued 


Int. 


| Class 


Type Notes 


Titanium—Continued 


ee ed 


Ip3—2s’3 


2f3— af’s 
* 


213 — 2d’3 


2f3— 4f’3 


2f3—3d’3 
* 


2f3— 2g’3 


2f3— 5d’3 


2f3— 3g’3 
2f—6d’3 
* 
2fs—4g’3 
* 
2f3—6f’3 
* 


1G—1G’ 
1G—2F’ 
1G—2G’ 
1G—3G’ 
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TABLE I—Continued 
r | Int. | Class | Type Notes 
E.P. 
Titanium—Continued 
sey Beier 4656.06 6 Ill 
4650.02 Io Iil 
4645.19 I2 Til 
4639.94 15 Til 
4639.66 I5 Ii Ips—3d’s 
4639. 36 18 Til 
4629. 34 15 Iil 
4623.10 25 Il 
4617.27 30 II 
4400.15 20 Ill 
4489.10 20 Ill 
4481.27 30 Ill 
4480. 61 5 TIA rps—1p’s 
4479.70 9 Itt 
4471.24 20 Tit 
4465.80 20 Tit 
Merges aes 8548.06 (2) 
8518. 20 (4) i | pea eee 1g3— 4f’3 
8468. 45 (3) 
8068. 21 (2) 
8024. 83 (33 as ee Ig3—22’3 
7978.87 (4 
6146. 22 3 Ill 
6121.03 3 Ill 1g3—4g'3 
6092.79 4 Il 
5996. or 2 Til 
5988. 58 2 III 
5978.54 25 II 1g3— rh’3 
5965.83 30 Il 
5953.10 30 II 
5297-29 6 Il 
5283.45 8 It 1g3— 6f’3 
5265.97 To Ill * 
4025.42 5 IV 
4915.24 5 Ii 
4913.63 20 iit 1g3— 2h’3 
4899.93 20 III 
4885.09 20 II 
4453.70 20 Il 
4450.90 25 iil 1g3— 5p’3 
4449.13 30 Il 
TiOSscdaes 5025.58 18 Tir 
5013.30 18 Ill 
5OOI. OI Io IIA rg/5— ofs 
4989. 16 Io III * 
4978. 21 Io Ill 
Ea Mew nmer ee.) Pee ee LIE eee 
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TABLE I—Continued 


r : 
ae | Int. | Class | Type Notes 
Titanium—Continued 
DOO wate catats 5224.96 8 It 
5224.57 6 Iii 
5224.32 15 iil 1f’s— afs 
5223.64 6 Ii se 
5222.68 6 iil 
DATO. ae 6186. 15 3 Iil 
6149. 81 2 Ill 1d3— 5f’s 
6138. 38 I IV “! 
4948. 21 B IV 
4941. 58 3 IV 
4928. 36 12 Til 1d3— 7{’3 
4921.79 12 Til 
4919. 88 Io Il 
DADA eaten. 5009. 66 8 Til (th3— 2G’) 
5565.48 9 Til (th3— 3G’) 
4778.27 Io Til (th3— 4G’) 
7496.12 (2) 
7489. 61 X22) VeRO Ne act SA ee th3— 4g’3 
7440.58 (3) 
5740.04 4 IV 
5739.50 9° III th3— 2h’3 
B75. 13 fe) Iil 
4893.06 2 IV 
4882.34 2 IV 
4870.14 20 Til th3— 1i’3 
4868. 28 18 Til 
4856.01 20 Ill 
4769.78 4 Til 
4760. 33 4 Ill 
4759. 28 25 Til 
4758.13 25 Ill th3— 3h’3 
. 4747.69 3 III 
4742.80 20 Il 
4734.68 3 Iv] 
DEQ ves 6 6861.47 6 Til 2G—2F’ 
6091.17 20 iil 2G—2G’ 
5644.14 18 im! 2G—3G’ 
4799. 81 12 Ill (2G—3h’3) 
NG Ovisre se, 5720.49 g Til 
5716.48 4 iil 
5713-93 3 IV 
5711.94 4 IV 
5708. 27 3 IV 1d/s— afs 
5702.69 6 Ill 
5689. 47 Io Ill 
5675.41 9 IITA 
5662.16 I2 Til 


32 
TABLE I—Continued 
nN Int. | Class | Type Notes 
E.P. 
Titanium—Continued 
yee aang d 4812.25 5 Il 
4805.43 I2 Til 
4797-99 5 III 3p3—od’s 
4790. 22 6 Ii 
4792.50 Bike} iit 
Be os Sastre 5488. 24 5 HT 
5481.45 6 Ill 1f/3— 3f3 
5477.70 8 iil 
ORT icnats 5679.95 2 Ill 
5662. 91 4 iil 1d’/3— 3f3 
5648.63 5 IV 
BRO eal ete 7189.92 2 IV? tH—2G’ 
6575-19 3 Vv 1H—3G’ 
5503. 89 8 Til 1H—4G’ 
4938. 31 8 IV tH—6G’ 
FIG cre heist 6221.42 8 Til 
6220..45 12 Il 1g/3— 3f3 
6215.24 20 Til Me 
Ionized Titanium, Tit, L.P.?? (18) 
GyOl cess 3409. 80 5 IV 
3407.20 4 IV 
3394-57 TSr III 
3387.83 I5r III 
3383.76 4or Til 1f4—1g’4 
3380. 28 I5r Ii 
3372.80 30r II 
3301. 22 4or Il 
3349.41 4or Il 
3254. 23 20r Ill 
3252.85 25r Til 
3251.89 20r Ill 
3241.97 4or Til 
3239.03 4or Til 7 
3230.57 sor Til ufs— rf’ 
3234.52 6or Tit 
3229.18 I5r III 
3222.82 I5r Til 
3217.04 I5r Iil 
3088.03 6or Iil 
3078.64 45r Iii 
3075.22 40r Il 
3072.07 4or It rf4—1d/4 
3072.10 30r Ill * 
3066. 36 20r IV 
3066. 20 30r IV 
a EE ee Sone Lb Es A 
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nee 


sees 


see eee 


TABLE I—Continued 


Int. 


| Class | 


Type 


Ionized Titanium—Continued 


4 
8ru 
4 

I5ru 
2 

20ru 

r5ru 


1H 
< 


Se oY 
edeeeeen eeoee eee HHaete 


SE EE Oh Og SR ee ER ar 


~ 
Ve) 


2f4—1g’4 


2f4—1f"4 


2f4—1d/4 


(xf— 18/4) 
* 


1f2— 1f/2 
1f—1d” 


i?—i1g? 
1d?—1f"2 
td?—1d’2 
1g?—1f’2 
* 
(1g?—1d’2) 


Tee 2 
* 


ie 


Notes 
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34 
TABLE I—Continued 
Ee nN | Int. | Class | Type Notes 
Ionized Titanium—Coniinued 
TE O seria see 4417.71 8 V (xp+— 1d?) 
4330. 71 I Vv 
4320.95 I Vv 
seer 5 . : 
4312. 7 be 
4307.89 12 V tp\—1d" 
4301.93 5 3 
4300. 05 12 Vv 
4290. 23 8 V 
ine) hea 4708.65 (2) ass Md oar (1p?— 1f’?) 
4589. 96 3 Ni 
4563.77 15 Vv Vat fe 
4533-97 20 Ni 
F 6 Vv 
em | § 1 Mh | gpa 
3641. 33 Io V 
3624 84 8 vy} ip?—1s? 
TesOnase he 5418.77 I Vv 
5381.02 (4) ais 2d?— rf’? 
5336.78 2 V 
5262.14 (x) Ase: 
5226.56 3 Vv = 
5188.70 4 V ad?— 1d’ 
5154.07 (x) oe ‘ 
3757.68 8 V 
3741. 63 8ru Vv ad*— ad’ 
AY eer 4571. y I5 . 
4549. 64 25 2—yp/2 
4529.46 I V a 
3224. 23 8ru v} pak ein 
3218.25 8ru IV th 28 
OO visio rive 5185.90 {3} ; ip 
5129.17 (8) veer ccene 28 rg 
4053.84 4 vy 
4028.35 5 vy 2g°— af” 
3510. 84 ror vy gall hae 
3504. 89 8r Vv 25°28 
BOG Sa aay 0 6559.58 (1) / 
6491.68 (2) Pa ee es 2p?—1d? 
4805.11 4 Vv D 
4779-99 2 V er. 
DeRose nt 4386. 84 (5) a E 
4367.67 I vi} iain 


| 
| 
| 
. 
| 
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TABLE I—Continued 


81 


EP r Int. | Class Type Notes 
Tonized Titanium—Continued 
BuO. wists’ 5072.30 (3) 
5069. 12 (Cr) oes eetrates Seas 3d?—3d"2 
5010. 21 (1) 
4911.19 th ee 2 
4873.95 (ay fi femehtvicets 3d?— 2p 
Zirconium, Zr, I.P. 6? (27) 
OvOb se womts 6143. 23 (6) 
6134.58 (5) 
6127.49 (6) Waa 1f3—md’3 
5035. 24 (3) 
5885.61 (2) 
3891. 39 (6) 
3863.57 Ci eae A eseaSicen see 1f3—mf”’ 
3835.96 (4) 
eke inoso. 0. 7169.15 (8) 
7103.77 (6) 
7102.96 COR Ee ae 1fs—md’s 
7097.78 (7) 
7087. 36 (6) 
4851. 36 (6) 
4824. 30 (7) 
4815.62 (7) 
4805.89 (7) 
4788.70 (7 )iry my lees ere 1f5—mg’s 
4772. 33 (8) 
4739-49 (8) 
4710.08 (8) 
4687.81 (8) 
1? soem ene 5707.77 (7) ; 
5680. 94 (Cape all |S aecoreece 1p3—ms’3 
5623.57 (5) 
4539.97 (7) 
4535-75 @} Ser aes 1ps—nd’s 
4553-02 (6) 
Ionized Zirconium, Zr, I.P.? 
OsOnotst cs 3572.46 (8) 
3496. 17 OUT das 1f4#— 1g’4 
3438. 23 (9) 
3391.96 (8) 
3357-27 (7) 
3306. 28 calle 1 ierome cd rf4—1{’4 
3279. 26 (7) 
3273-05 (7) 
3165.98 (7) 
3138. 66 CAE oper ri4—1d/4 
3129.70 (6) chi : * 
3125.92 (6) 


E.P. 
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TABLE I—Continued 


nN Int. | Class | Type Notes 
Ionized Zirconium—Continued 
Cee 3934. 14 ie} 

3043.01 5 se 

37606. 72 (5) aiedatisre wle:-eia te af Ig 

3697.46 (5) 

3674. i 8 

3014.7 i 4—yf/4 

3576. 85 (7) oie mre ee eqniet af rf 

3556. 59 (7) 

3430. 54 e 

3410. 25 7 1—rdis 

3404.84 (6)f  frevrcetee af 1d 

3399-35 (6) 

To, og eo, Vanadiom, Pct a: 6 | oe) eee lun eu 

So RAR eee 5632.47 I ITA 

5592.96 I IIA (xf—1d’*) 

4881.55 50 ul 

4875.46 40 I 

4864.74 40 I 

4851.48 40 I 

4832.43 30 a 1f4—1d’4 

4831.64 35 I 

4827.45 30 I 

4799.78 5 ITA 

4784.48 5 ITA 

4635.18 15 I 

4019.77 25 I 

4606.15 15 ae 

4594.10 60 I “| rf—1g/4 

4586. 36 50 it ¥, 

4580. 39 40 I 

4577-17 40 I 

4368.05 Io I 

4355-95 10 I 

4352.89 50 I 

4341.02 40 I 

4332.83 30 I 1f4—1f'4 

4330.03 30 I 

4309. 80 20 I 

4307.18 12 I 

4306. 22 15 I 

3902. 26 5or I 

3875.08 35 1 

3864. 86 35 I rf4— ai’s 

3855-37 30 I 

3855.86 6or I 

3840. 76 6or II 

3828. 56 6or ait: 

3822.01 30 I 1f4— 2d’/4 

3818. 24 60 1 * 

3813.49 60 10 

3808. 52 40 Tut 
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TABLE I—Continued 


oe nN | Int. | Class | Type Notes 
Vanadium—Continued 
o.o—Cont.. 3185.40 4or iG 
3184.02 25r II ree, 
3183.96 35r II xi cai 
3183.41. 30r II 
ra eine te 6296. 52 15 il 
6292. 86 20 I 
6285.19 20 I 
6274.67 I5 IT 
GORE COm: Ii a5 os siieia te icons. « 
6258.60 8 IIA 
6256.91 8 IIA 1d6—1d’6 
6251.83 30 I 
6243.11 30 i! 
6242.80 I5 I 
6230. 73 30 x 
6216. 37 30 i 
6199. 20 30 I 
6268. 84 8 TIA 
6266. 32 i ITA 
6261. 24 5 IITA 
6245.21 2 ILA 
6240. 14 6 IIA 
6233.19 12 IA rd6— rf'6 
6224.50 I5 I 
6213.87 15 I 
6189. 35 3 ILA 
6170. 34 8 IA 
6150.13 15 I 
4460. 30 50 MM 
4459.77 30 I 
4457.48 15 I 
4444.22 20 I 
4441.69 25 I 1d°— 1p’6 
4437.84 20 I 
4430. 14 15 I 
4428.52 I5 I 
4419.94 12 I 
4429.80 I5 I 
4426.01 I5 iT 
4421.58 20 I 
4416. 48 20 I 
4408. 51 45 ; 
4408. 21 70 
4407.65 70 I 1d6— 2f’6 
44006. 65 80 I 
4400. 59 60 II 
4305.24 80 II 
4389.99 100 II 
4384. 73 r25r II 
4379. 24 I50r II 


83 
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TABLE I—Continued 


r Int. | Class | Type Notes 
E.P. | 
Vanadium—Continued 
o.28—Cont. 4209. 86 20 I 
4IQI.55 ro II Goneeey 
4189.85 12 I (1d 2f’4) 
4182.60 ae) I 
4134.50 60 I 
4132.02 60 I 
4128.08 60 I 
4123.56 60 I 
4116.70 4 IA 
4116. 48 50 I rat} 
4115.18 60 i 1d°— 2d’ 
4111.79 rooR I 
4109.78 50 ti 
4105.17 60 I 
4099. 80 60 I 
4092.69 50 I 
3795.03 30 I 
3704.70 60 II 
3793-57 100 II 
3095.87 40 II 
3602. 22 50 II 1d°— ap’6 
3690. 27 - 40 it 
3688.07 50 II 
3683.11 30 I 
3675.70 20 I 
ROR oer 8198.85 (3) 
8186.71 (3) os 
8161.06 (4) mia (uke end enteral a 1d4— rd’/4 
8116.78 (5) 
6812. 42 2 TIA 
6785.02 3 IIIA / 
6766. 53 4 TILA 1d4— rf" 
6753-03 5 TIl A 
6135.30 15 II 
6119. 51 40 I 
6111.62 25 II 
6090. 18 50 E 
6081.42 25 il 1d4— xp’ 
6058.11 5 Lies 
6039. 69 25 I 
6002.60 4 IIA 
5782.60 2 TIA 
5761.41 2 IIA 
5743-44 18 II 
5737-04 25 Il 
5727.66 20 II 1d4— 2{’4 
5727.02 60 il 
5706.97 30 I 
5703.56 40 I 
5698. 51 60 I 


Rare Woaiiitiee) Meee Ou be 
84 
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E.P. 


r.05—Cont. 


37 
-45 
FS 
63 
.O1 
.9O 
61 
-94 


-49 
.48 
.40 


.06 


.49 


alspie 
“16 
»35 
.9O 
.65 


.60 


54 


TABLE I—Continued 


Int. | Class Type Notes 
Vanadium—Continued 
I2 II 
I2 II 
Io II 
30 I 
ae ee 
20 I 
8 II 
12 I 
Io I 
25 II 
15 il Ae 
7 Il 1d‘— 2p’ 
8 Til 
15 III 
20 II o 
25 II 1d‘— 3f : 
25 I 
5 IITA 
5 IITA 
2 IITA 
3 A Ip4—xp/4 
20 
8 tA 
8 ITA 
I TIA 
I IIIA 
2 ILA Ipt—2d’4 
I IITA = 
2 IITA 
25 Iii 
20 Iil 
I 
fe lupe haat ae 
I2 Ill 
8 INO 
Chromium, Cr, I.P. 6.72 (20) 
350R Il 
ee _ Is7— Ip? 
500 
2A 1) (1s7— rp5) 
140R II 
r6oR II Is7— 2p? 
200R II 
ty} Mi Ma havekio's (1s7— 1p’s) 


40 


E. 


P: 


4339. 
4337- 


46 
58 


HENRY NORRIS RUSSELL 


TABLE I—Continued 


| Int. | Class | Type Notes 
Chromium—Continued 
I 
| ER) [awa 
300r II 
200r UE IsS— Ips 
r50r Il 
S| HS | casey 
20 I 
20 I 1s’—1p’s 
25 I 
4 IA 
ita sats See Geer 
S IA (1d8— 1p’) (21) 
2 IA 
: re Rcraate || ere a ; 
50 I 
70 li 
25 I 
60 I 1ds— rps 
50 I 
25 i 
50 tf 
40 I 
6 I 
ILA 
Af | (td5—2p?) 
2 ITA 
30 i 
20 I 
40 I 
20 A! 
25 I 1ds— rp’s 
ia I 
20 I 
20 I 
12 i 
6 IA 
8 I 
20 I 
8 a 
20 I 
bo r rds— rfs 
20 if 
40 i 
20 ul 
40 I 
30 I 


86 
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es 


see eee 


i. a 


3941. 
3928. 
3021. 
3919. 
3916. 
3908. 
3993. 
3902. 
3894. 
3886. 
3885. 
3883. 


7462. 
7400. 
7355- 
5329. 
5329. 
5328. 
5207. 
5207. 
5276. 
$275. 
5275- 
4514. 
4491. 
4475. 
4129. 
4III. 
4Irl. 
4II0O. 
4008. 
4097. 
4097. 


go2tr. 
gor7. 
goog. 


6981. 
6980. 
6979. 
6925. 
6925. 
6924. 
6883. 
6882. 
6881. 
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Int. 
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Chromium—Continued 


on 


et 
SS SR RR SY 


on | 
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rds—1d’s 


Ip’—2s7 


Ip7—1d7 


Ip7—3s7 


Ip7?7—2d7 


Ip>— 28> 


Notes 
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TABLE I—Continued 
nN | Int. | Class | Type Notes 
E.P. 
Molybdenum, Mo, I.P. 7.35 (22) 
Queen dees 3902.97 (soR) 
3864.12 (EOR:)' ball aren yee Is7—1p7 
3798. 26 (soR) 
3466. 83 (8) = 
3456 30 (zo) eee ececee (1s? Ips) 
Thea pete 5570.46 (25R) 
5533-01 (BOR) alt sene ear IsS— rps 
5500. 51 (40R) 
Manganese, Mn, I.P. 7.41 (23) 
DOLOes ones 5432.55 4 TA\ Gan 
3304. 68 10 tas | (s*-1p4) 
4034.49 10oR I 
4033.07 r50R I 1s6— 1p 
4030. 76 200R I 
2801.06 (8R) 
2798.27 COR) rancor errata 1s°— 2p6 
2704.82 (roR) 
PATO Se chars 5537-75 5 III 
5516.77 Gh IIIA 
5505.88 2 Til 
5481.40 4 ILA . 
5470.64 8 ILA 1d°— 2ap® 
5457-47 I ILA 
5420. 37 Io ILA 
5407.43 iS IITA 
5341.07 20 TILA 
4083.64 I2 I 
4082.95 12 I 
40°79. 43 $e) I 
4079. 24 I2 I 
4058.94 Io I — 
4055.55 20 I setae 
4048. 76 I5 I 
4041.37 sor I 
4035.73 15 I 
4018.11 20 I 
3841.08 Io Il 
3834. 36 12 II 
3823.90 10 LE 
3823.51 20r II es rf? 
3809.60 Io II 
3806. 87 20r I 


88 
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TABLE I—Continued 


mp x | Int. | Class Type Notes 
Manganese—Continued 
2.16—Cont. 3620.74 12 iil 
3623.70 15 Il 
3619.40 15 Til 
3610. 30 20 Til 
3608. 48 20 Il 1d°— 3p° 
3607.53 20 II 
3595.11 20 Ill 
3580.54 30 II 
3577-88 40 II 
DERN ens os 4823.52 50 I 
4783.43 50 I 1p’—1s° 
4754.04 50 I 
3570.03 20 Ill 
3569. 80 40 Ii 
3569.50 60 Il 
3548.18 30 III 
3548.02 40 III 1p'—1d8 
3547-79 50 Til 
S5scanr 50 Ill 
3531-99 5° III 
3531.83 30 Ill 
BOY. Se ahs 1s 6021.78 50 Ill 
6016.64 40 Til tp'—28° 
6013.49 30 Til 
4061.74 5 V 
4059.40 5 IV 1p®—3d6 
4057.96 4 Vv 
ATAT sh claves 7320.55 (7) 
7302.92 (03) Samad haps ih ey 2p*— 38° 
7283.80 (6) 
Seats clare sts 4766.43 20 Ill 
4705.86 Io Tit 
4762.37 30 HUME 
4761.53 Io Il 
4739.00 8 Ill + 1d4—1f’4 (24) 
4727.46 Io Tit 
4709.70 Io Til 
4701.16 i V 
4671.69 3 Vv 
4502.22 7 Ill 
4498.90 q7 Ill 
4490. 08 5 Iil 
ee aes 
4470. 14 Peay, 
4464.68 8 I ae 
4453.01 6 Til 
4451.58 I5 II 
4430. 36 8 II 
4414.89 Io II 
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TABLE I—Continued 


r | Int. | Class Type Notes 
E.P. 
Manganese—Continued 

?—Cont.... 4312.55 & II 

4284.08 (5) a 

4281.10 6 II 

4205.92 6 II eres 

4257.66 5 II 1d4—zp4 

4239.73 5 II 

4235.30 8 I 

4235.14 6 I 

Tron, Fe, I.P.? (25) 

SEOecmsie 4 5254.96 I IA 

5250. 21 I IA 

5247.05 I IA 

Ip telat: I IA wea 

5204.59 2 IA (rds— 1d’7) 

5168.90 4 eA. 

5166. 29 4 IA 

5110. 4I Io il 

4489.74 3 IA 

4482.18 4 I 

4461.65 8 I 

4445.43 (x) TA Ceding) 

4427.31 Io I 

4375-93 9 I 

4347.24 (2) See 

4201.47 4 IA 

4258. 38 2 IA 

4232.72 I IA 

4216.18 8 I (rd5— 1p’) 

4206.70 3 IA 

4199.98 I IA 

4134.34 (2) eel eile 

3930.30 25R i 

3927.92 30R if 

3922.92 25R I 

3920. 26 20r I 

3906. 48 8 i 

3899. 71 30R il 

3895.66 25r a 1ds— 1d’s 

3886. 29 40R I 

3878. 58 Ioor 1 

3859.91 300R I 

3856. 37 50r IA 

3824.44 5or IA 
ea ee eal a ee ed ree i ee Pk 


go 
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TABLE I—Continued 


ae. nN | Int. | Class | Type Notes 
Tron—Continued 
©.0—Cont. 3748. 26 60R IA 
3745.90 4or IA 
3745.50 rooR I 
3737.14 I50R I 
3733-32 40r re 
3722.57 sor ers 
3719.94 250R I 1d5—1f's 
3707.83 20 I 
3705.57 roor u 
3683.06 Io IA 
3679.92 40r IA 
3649. 31 5 IA 
3520.07 20 I 
3497. 84 40 I 
3490. 58 Ioor iI 
3476. 71 40 I 
3475-45 70° I 1ds—1p’s 
3405.86 6or I 
3443.88 5or u 
3440.99 75R I 
3440. 61 T50R I 
OVO4ae ss oe 8075.16 (x) 
8047.63 Co) pes eaatatctaiet (1fs— 1d’) 
7912.89 (2) 
6625.04 (xh a5 ae. 
6574. 24 (Bie Mala een 
ee 95 t?} eens 
402.74 FY ee ee tee s—f!7 
6400. 33 (2) 2 reste, (xfs— 17) 
6358. 68 3 TA 
6280. 62 2 IA 
6221.70 (3) he pace. 
6120. 25 (23 
5958. 20 2 area 
5056.70 (3)f  freseteceee (1f5— 1p’7) 
5949-35 (2) 
5500. 78 18 I 
5501.47 I2 I 
5497-52 15 I 
5455-62 40 I 
5446.92 40 : 
5434-53 30 Seis 
5420. 70 40 I Bae 
5405.78 40 I 
5397-14 40 I 
5371.50 5° I 
5328.04 50 I 
5269. 54 60 I 
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TABLE I—Continued 


a r | Int. | Class Type Notes 
Tron—Continued 
©.94—Cont. 5151.92 4 I 
5150. 84 6 if 
5142.03 6 I 
5127.30 5 I 
5323.72 6 I 
5107.45 6 i 
5083. 34 7 I rfs— rf’s 
5079. 74 4 I 
5051.64 Io I 
5041.08 vf I 
5012.07 I2 I 
4994. 13 8 I 
4939. 69 4 I 
4239.85 2 iil 
4177.60 4 IIA 
4152.18 4 ITA , 
4139.93 2 IA (xfs— xf’) 
4100. 75 3 EDA 
4092.51 (Di al tenes 
3940. 89 5 II 
3017.19 8 Il 
3808. or Io II 
3887.05 I5 | | 
3878.02 60 II 
3872.50 60 II ! 
3865.53 30 I rf5—2d’s 
3849.97 40 i 
3840. 44 8or II 
3834. 23 roor II 
3825.89 200R II 
3820. 43 250R II 
3876.04 4 Ill 
3850. 82 12 Il 
3814. ILA , 
3812. a ‘~ II (afe—api) 
3790.09 12 II 
3786. 68 8 Ill 
3799-55 50 i 
3798. 51 40 II 
3795.00 60 II 
3787.88 50 II 
3767.10 8or LT: 
3763.70 Ioor II 
3758. 23 I50R II 1f5— 2f’s 
3749-49 200R Ul 
3743.36 20 ITA 
3734. 87 3oor ut 
3727.62 5o0r II 
3709. 25 750 I 
3087.46 4or I 


Se eee 
92 
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0.94—Cont. 
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APs 


see eee 


3647.84 
3631.46 
3618.77 
3608. 87 
3581.20 


3570.10 
3565.38 
3558. 52 


7362.32 
7180.02 


6739. 54 
6710. 31 
6581.22 


5853.18 


5341.03 
5328.53 
5270. 30 
5227.19 
5167.49 


5332.91 
5307. 36 
5216. 28 
5194.95 
5171.60 
5107.65 
5041.76 


4798.74 
4772.82 
4733.59 
4765.48 
4680. 30 
4654.50 
4632.92 
4602.94 
4602.01 
4592.66 
4547.02 
4531.15 


4415.13 
4404.75 
4383.55 
4307.91 
4337-05 
4204.13 
4291.47 
4229.75 


TABLE I—Continued 


Int. 


| Class Type Notes 


Tron—Continued 
I 
I 
I 1f5— rg’s 
I * 
I) 


I 
II (1f5— 1g’3) 
Fae Ore Se (xf3— 1d’s) 


tg, elie tee (1f3— 1f’s) 


SOAS (1f3— rp’s) 


II 1f— 1d’3 


if 1f3—1f’3 


ii ee 
I 


De eh oa (1f3— rp’) 


(xf3— 2f’s) 


Il (1fs— 1g’5) 
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TABLE I—Continued 
r TInt. | Class Type Notes 
EP. 
Tron—Continued 
I.54—Cont. 4325-77 35 II 
4307. Ue 35 
4271.7 65 Pst, 
4250.79 25 It rf— 1g" 
4202.03 30 i 
4147.68 Io Ill 
4143.87 30 I 
4132.06 25 II 
4071.75 40 II 
4063.60 45 II 1f3— 2f’s 
4045.82 6or II 
4005.25 25 II 
3969. 26 30 II 
3906.07 Io II 
3902.95 20 II 
3888. 52 20 II a 
3841.05 8or II rfs— 2d’ 
3827.83 750 II 
3815.84 Toor II 
RTO Desa ts 8824.18 (6) 
8688.58 (7) 
8661.85 (6) 
8514.01 [EMNes Mica eran ee Ips— 1p’s 
8468. 35 (7) 
8387.74 (8) 
8327.04 (8) 
6430. 86 Io Ill 
6335.34 Io Til 
6297.80 5 Il 
6265.14 6 Hil 
6219. 29 6 III 1ps— 2d’s 
6213.44 5 II 
6173-35 3 Ill 
6151.63 (2) oe 
6137.00 (2) 
6240. 65 2} ee 
6163.56 1) a (xp5— rp’) 
6082.71 (2) ae 
5250.65 6 IV 
5202.34 8 IV 
5198.72 4 IV 
5142.54 (3) vs 1p’— 2p’s 
5131.48 (2) on 
5098. 71 8 IV 
5979. 23 6 IV 
4889.02 (1) 
4817.78 (x) 
4771.70 (r)f oo frrtece eee (rps— 2d’3) 
4745.12 (x) 


94 
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TABLE I—Continued 


EP oN | Int. | Class Type | Notes 
Tron—Continued 
2.19—Cont. 4528.62 18 ail 
4494.57 12 i 
4482. 26 6 I 
4459.13 Io III 
4447.73 9 Tit 1ps— 3d’s 
4442.35 I2 Til 
4430.62 6 II 
4408. 42 6 Til 
4407.72 5 iil 
4352.74 9 Tl 
4315.09 Io III} rps—1s’5 
4282.41 I2 III 
Be AOsian cis 4299. 25 18 Til 
B27 I 07 20 Iii 
4260. 49 35 Ii 
4250.13 25 Il 
eee | | 
4233.61 I tn 
4222.23 12 Ill 1d'7—md7 
4210. 36 15 Ii 
4198. 31 20 Il 
4IQI. 45 Ts Ill 
4187.81 20 Ul 
4187.05 20 Il 
BeOAR. leis cis 5044. 24 (2) 
5006. 13 20 Iii 
4985. 56 7 i, 
4957.61 60 Ill 
4957-31 20 Ill 
4938. 82 Io IV 
4920. 52 60 III 
4919.01 30 Ill 1f/7—md?7 
4903. 32 12 Ill 
4891.51 50 Til 
4890. 77 25 III 
4878. 23 12 III 
4872.15 20 Ill 
4871.33 25 II 
4859.76 15 Til 
4579.34 fe 
4554-47 I 17 
4525.88 (x) f frosts: (1f/7—mds) 
4495.39 (th) 
sO e steravalsve 5281.80 Io IV 
5266.57 30 IV 
5232.00 40 Til 
5226.88 15 IV 
5192.36 30 IV 1p’7—md7 
5IQI.47 20 IV 
5139.48 20 IV 
5139.27 Io Vi 
5068.78 10 V 
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TABLE I—Continued 
EP. nN Int. | Class Type Notes 
Tron—Continued 
2.96—Cont. 4800.14 (x) 
4787. 84 (x) 
4768.40 3n V (rp’7—mds) 
4759.98 (th) 
4726.17 (zh) 
ARG Gone 5393-19 Io IV 
5339-95 12 V 
5324. 20 30 IV 
5302. 31 Io Vv 
5283.63 18 IV 
5273.18 (3) ae : 
5263. 32 8 V 1d’s— mds 
5253.48 (2) Ree 
5229.84 5n V 
5217.40 5 Vv 
5215.20 6 IV 
5208. 61 7 IV 
4736.79 12 II? 
4707.29 8 IV 
4668.15 6 IV 
4654. 64 5 Vv 
4637.52 3 IV 
4625.06 3 IV 1d’s—mfs 
4613.22 2n V 
4607.66 3n V 
4598.14 (2 Aes 
4568.79 (1) 
4565.68 (2) 
ea Oud akon 5784. 69 (r) ats 
5712.15 (2) sas 
5799.40 IO IV 
5658. 84 Io IV 
5058. 54 (x) ae 
5624. 5 10 , 
5615.66 50 IV rf’s—mds 
5602.96 Io IV 
5586.77 40 IV 
5576.10 Io IV 
5572.86 30 IV 
5569. 63 20 IV 
5039. 27 (2) 
5002. 82 (2) 
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TABLE I—Continued 


Ree » | Int. | Class | Type 
Iron—Continued 
BaOAstesre-c 6411.67 12 IV 
6408.04 8 Vv 
6400. 02 25 It 
6336.84 12 Vv 
6302. 51 6 Vv rp’s—mds 
6301.52 I5 IV 
6246. 34 I5 Vv 
6232.67 5 Vv 
6141.74 4 Vv 
ANTS sere te 7207.41 3 V 
7187.35 5 V 
7164. 49 (9) af 
7130.96 (x0) A 
7090. 41 (6) ie 2d’s—mfs 
7038. 23 (4 Sti 
7022.98 (5) 
7016. 30 (9) 
6999.92 (4) 
AGAR ve aoe 7710.40 (3) 
7661. 24 (3) 
7508.94 (4) 
7511.06 (9) 
7495.12 (8) 
7491.68 (2) 
7445.80 Co) ed | aoe eee 2f’/s—mfs 
7411. 21 (8) 
7389.43 (7) 
7311.13 (4) 
7306.60 (2) 
7293.01 (6) 
7288.79 (4) 
Aas cies 8497.00 (2) 
8401. 42 (x) 
8248.09 (3) 
8232.33 (2) 
8220. 42 (7) 
8207.85 (aaa rer eee, 1g’s—mfs 
8179.03 (x) 
8085. 22 (5) 
8046.08 (5) 
7999.00 (6) 
7937-19 (9) 
AAO stoare's 8360. 79 (2) , 
8330.41 Oa Dod ae creeraiee, 4 PD (1g’3—mfs) 
8331.94 (6) 
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52 
TABLE I—Continued 
DN | Int. | Class | Type | Notes 
iba eA 
Ionized Iron, FeT, I.P.? (18) 
OOM a ie aie 2625.68 (9) same | 
2611.89 (9) aXe rd6—1d’6 
2509. 40 (10) Ae “3 
2585.89 (10) IV 
2410.53 (8) 
2404. 89 (8) 
2395.63 (8) 1d6— rf’6 
2382.04 (x0) II 3 
2373-73 (7) Il 
2343.49 (7) 
2332.80 (O) reel so dacae eae 1d6— rp’6 
2327.39 (6) n 
O.33.-. cease 2519.09 (6) 
2493. 29 6) BI Ne ahaged ee) 
2366.59 (4) 
2362.04 (4) 1f4— rf’ 
2360.00 (5) ete x 
2354.88 3 iH 
2375-19 (6) Sues 
2368. 60 (6) III 1f4#—1d/4 
2360. 31 (5 ne . 
2348.12 (6) 
ig heey mip hs: = 3281.30 (2) 
3277.36 (3) haart |e eve iors (1d4— 1d") 
3255.89 (2) ‘ 
2979. 36 (3) aon 
2970. 52 (3) V (1d4—1f’*) 
2953.78 5 v ss 
2926.58 (6) Vv 
2755.74 (9)) 
2749. 33 Crot, Vlcn aes pedia te 1d4— rf’ 
2746. 49 (8) - 
2743.20 (8) 
2746.99 (7) III 
2739-55 (10) = rd4—1d/4 
2736.97 (7) : sd 
2714.42 (8) 
2501.55 (7) 
2582.59 ye ae al eee ae or 1d4—1p’4 
2562.54 (9) 
TROO 55h 3227.76 (7) 
3213.32 (5) pen | aa serore eres Ipi—1d/4 
3210. 46 (4) 
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TABLE I—Continued 


ae nN | Int. | Class Type Notes 
Ionized Iron—Continued 
1.69—Cont. 3002.65 (7) V 
2985.55 (6) V 1p‘—1p’4 
2984. 83 (8) IV 
a Oise a ete 4369.41 “o 
4296. 56 KG) aa? ol rereterat te 2pi—rf/4 
4258.16 a8 
4178.87 (6) 
4416. 81 (4) 
4385.39 “5 
4351.77 (6) 
4303.18 (2) ma ORS oe cor et 2pi—1d’4 
4233.16 (8) 
4173.48 (6) 
4128.74 a3 
Dap taean oes 4666. 75 ie 
4629. 33 (4) 
4582.84 an 
4555.90 (6) 
4534.17 Oe ea terete of4—xf/4 
4520. 24 (6) 
4515.33 (6) 
4491.41 (4) 
4489. 21 (4) 
4472.93 <a 
4620. 52 Fi 
4583.84 (8) 
4576. 31 (4) . 
4549.48 CA ails ctiee 2fi—1d/4 
4541.52 ” 
4522.64 (6) 
4508. 29 (8) 
PSO Wiehe ales 6516.08 (4) 
6432.69 ETAL TMD [orss oheis ors 1s°’—1d’6 
6369. 48 xe 
alse ths Ne \ a ovate eee akete rs6— rf’6 
5256.94 wa 
5169.03 (8) 
5018. 44 (3) ete | cect were is'—1p‘6 
4923.92 (zo) 
4731-49 (z)\ een 
46c6.98 ag i poe (1s— 1d’4) 
99 
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TABLE I—Continued 


ae nN | Int. | Class Type Notes 
Tonized Iron—Continued 
Baoan: 5425.26 BS 
5325-56 (4) 
5316.62 (8). one Plisseesteten seers te4— xf’ 
5276.01 (6) - 
5234.62 (4) 
5197. 56 (4) 
5362.87 ee 
5316.78 Hake Ii drereetaPanae re 1gi—1d/4 
5264. 81 (x) 
BeOSste ses 7711.76 (1) 
7655-47 .- 
7515.89 ae 
7449.36 Fe (ea | eee eee 2d4—1d’4 
7310. 23 aus 
7308.09 3e 
7224.48 ate 
7222.42 oe 
6456. 39 (6) 
6416.92 (2) 
6407.30 ae 
6247.56 Callie A osatdesat 2d4—1p’4 
6239.95 re 
6238. 39 (4) 
6149. 25 (4) 
6147.85 (6?) 
Cobalt, Co, I.P. ? (32) 
ah oy pap Deptt 3602.08 4oR II 
3594.87 50R Ul 
3575-36 6or II 1f4—1f/"4 
3526. 86 100 R Il 2 
3474.02 100 R II 
3533-36 25r H 
3529.04 30T I if4— 1g4 
3513.48 50R II * 
3465.80 too R Ii 
3510. 42 30r I 
3502.63 20r I 
3455.24 257 I 1f4—1d4 
3442.92 20r II = 
3431.58 50r 1a 
3412.64 80R II 
3159.66 Io II 
3149.30 Io II 1f4—1d/4 
3139.94 12 II 
3121.41 Io II 
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TABLE I—Continued 
nN Int. | Class Type Notes 
E.P. 
Cobalt—Continued 
Oran. £58 4076.13 4 A. 
4058.19 8 I 
4020.90 20 I 1f/4—1f/"4 
4019. 30 5 I Sa 
3987.12 6 if 
3952.33 8 I 
3978.66 Io I 
3941.74 20 II 
3906. 30 Io I 1f’4— 1¢4 
3876. 84 20 I a 
3808. 11 Io I 
3957-94 15 II 
3894.98 60 Ii 
3881. 91 25 uf 1f’4—1d4 
3873.91 40 I ¥ 
3873.12 60 VE 
3585.16 25 kh: I 
3574.96 251 I 
3560. 90 20r I 
3523.44 251 I 1f4—1d/4 
3512.64 60R Ut g 
3500. 32 80R II 
3502. 28 100 R II 
POL ta stte ns 6450. 23 80 I 
6282.64 40 I Ip*—1d4 
6188.08 Io ITA 2 
6093.14 be) I 
5483.34 40 I 
5369.58 20 I 
5331.45 15 II tp4—1d’4 
5301. 04 15 II %¢ 
5237-91 15 II 
5230. 20 25 i 
MOM ste scir's 7084.97 15 I 
7052.85 8 Ji 
6872. 38 Io il 1p’4—1d4 
6814.95 15 I - 
6771.05 20 if 
5935-37 5 TIT\ 1p4—r1d’4 
5922.35 (ru) ole 


Iol 
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TABLE I—Continued 
nN Int. Class | Type Notes 
E.P. 
Ionized Lanthanum, Lat, I.P.? (33) 

OvOen watts 4141.71 (x0) 

4031.70 (20) 

3988. 53 (20) ram wore See 1d3—1d’3 

3921.54 (10) 

3886. 34 (15) 

3380. 88 (10) 

3344.55 (7) 

3337-50 (srs) iPM "op. Gra tees aot ete 1d3—rp’s 

3303.10 (5) 

3265.66 (4) 
rs ee 4724.39 (5) 

4613.30 (A) aD Ele aswamcten Ip3—1d’ 

4526.12 (5) 

3854.96 (3) 

3835.12 (5) 

3780. 70 (CDA Allstctevewe, ctegetors Ip3— rp’ 

3714.88 (3) 

3705. 80 (5) 

3637.16 (3) 

Ionized Nitrogen, V rig I.P. 24: (34) 

I5 0 5730. 64 (0) ° 

5710. 64 (5) 

5686.20 (6) ilar [rele ceis centers mp3—md3 

5679.49 (10) 

5675.96 (6) 

5666. 54 (8) 

5045.02 (5) 

5OI0. 54 Ca) |e ee es mp3—ms3 

5002. 66 (2) 

4643.11 (8) 

4030. 55 va 

4621.41 AIL ee sca aavanineate mp3 —mp’3 

4613.88 (6) 

4607.17 (7) 

4601. 49 (8) 

3055-85 (a Jha eet. (mp3—msS) 

3408.14 Ca) low al ake rene ty, (mp3—nS) 
Pe ice oct 5767.47 (2) Aw Seeeeeet. (mP —mds3) 

5747.32 (3)f 

5072.55 C5) ee oh [aceite eee (mP —ms3) 


A LIST OF ULTIMATE AND PENULTIMATE LINES 57 


TABLE I—Continued 


nN Int. Class | Type Notes 
EP. 
Ionized Nitrogen—Continued (34) 
15.2—Cont. 4674.98 (2) 
4667. 28 (2) PaaS eh, Serie: (mP —mp’) 
4054.57 (2) 
3995.00 (GO) Teens F mP—mS 
3437.16 (Cs Nee ae mP—nS 
iy aos Sg 4810. 27 (2) 
4803.30 (6) 
4793.06 (2) 
4788. 13 CHEE | ete ketis vies md3—md’s 
4781. 21 (2) 
4779.72 (4) 
4774. 24 (2) 
3331.32 (3) 
3330. 30 agai Paes die an, ee md3—np3 
3328.79 (4) 
r7.7 5961. 25 (0) 
5952.57 (3) 
5941.90 a leer ete mp’3—md’3 
5940. 42 (2) 
5931.96 (7) 
5928.02 (4) 
3856.07 (3 
3855.08 (3) ; 
3847. 38 (2) Lape sls eee ie aay mp’3—np3 
3842. 20 (2) 
3838. 39 (4) 
3829. 80 (3) 
Phosphorus, P, I.P. 13.3 (30) 
eiicita as eee 2034.02 (7) 
2032.98 (6); gh eee species? 1d—1d’? 
2024.98 (6) 
2023.98 (7) 
ES Siiccys «sce 2154.77 ey ME sen mo aPek 1S—1d’? 
2153.63 (6) 
DEQ nh wins 2555.68 (8) 
2554.02 Ce Lect Pe aes 1D—1d’? 
2536.38 (10) 
2534.75 (8) 
2149. 81 (8) 
2136.79 COS be gl aA 1D—1P’? 
2136.10 (6) 
103 
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TABLE I—Continued 


Nn | Int. | Class | Type Notes 
E.P. 
Arsenic, As, I.P. 11.7 (31) 
CLONE 2808. 72 (4R) 
2860. 43 (ORC shee ce reer. 1d—1d’ 
2780. 20 (8R) 
2744.99 (6R) 
2349.84 (TORR aces eer chte 1d—1p’ 
2288.12 (roR) f 
nea te et 2381.20 (ARN eras cee 1S—1p’ 
2363.04 (2) J 
0.41 3119.57 (4) 
3075.32 (2) Ngee | St coe ech ara 1D—1d’ 
3032. 84 (4) 
2990.99 (2) 
Antimony, Sd, I.P. 8.7 (31) 
yO re 6097.60 (2) he |tee s saeGrey (1d.—1Dz) 
2311.50 (OR) Pena cac nee 1d2—a 
2175.88 (BRA eile cpe arenes 1da—B 
2127.46 (2) Ie WNecerate vets Id.—y 
2023. 86 (A) Tallis ate aso 50am 1d.—e 
Bi OSsgis tes 2877.92 CORY We eccerectts a 1di—a 
2670. 66 GS eT Aire coor 1d;—B 
2598.08 (GRY. a nretoe cc. 1di—y 
2445.53 (ARO Ran ah ter aoe 1d,—e 
ey oar 2769.94 (SR) eter hie era. 1s—B 
2528.54 (GES) ¥ ihre sete ote Is—e 
TOS ee kis. 3722.70 it Blade rem 1D.—a 
3383-15 (S)0 gar eee te 1D.—8 
3267.50 (AR) lee ae 1D.—-y 
3029. 82 (ARSON e eect tte 1D.—e 
DNA Reo 5b 4033.56 (yi eee ons 1Dr;—a 
3637. 83 (3) GA ea eee t= 
3504.45 (2) ie Ue eras tare tDi—y 
3232.54 (ARs |Get eee rDr—e 
Bismuth, Bi, I.P. 7.7 (31) 
OL 0e- Sane. 8754.88 Cel tesecaeas (1d2—1d,) 
6476. 24 C3 hye eecege sea (1d,—1Dz) 
4615.53 Rr )il aah eater oie (1d.—1D;) 
4615.09 (x)f 
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TABLE I—Continued 


EP: IN | Int. | Class | Type Notes 
Bismuth—Continued 
0.0—Cont..| 3067.69 CHOIR) erchchotec-eck 1da—a 
2276.57 CHD on) dele acre 1d.—6 
2230.63 (RORY Mee | aa ease sca 1dz—e 
DeALaaisct es 4722.54 (GEOR hae ee ses 1Id;—a 
3076. 61 (2) Aba | sper. 1dri—6 
2003.34 CSR?) 'bar| Seek one idi—e 
2989.03 SC: alias Me gry ae 1d;—¢ 
2897.97 (Giced 2G ema Pe hous eee 1d;—n 
TODS ee 2 3510. 88 CAR) eae aahaeee sees 1D,—6 
3397.17 (AR) eal gneme eieisc 1D.—¢ 
BGS chp letece 4492.99 (3) cen ieakmnt 1D;—6 
4492.62 (2) 
4308.54 (CON ashe Gace 1D;-¢ 
4308.18 (4)f 
4121.86 CO) CoA ieee chete eek 1D;—7 
4121.54 (6)f 
INDEX TO TABLE I* 

Symbol Element Page Symbol Element Page 
AD cre svete Silver 13 Be od tes Tron 44 
AL docsis Aluminum Ig Fet+.....| Ionized iron 52 
Al+......} Ionized aluminum 19 Garon cise Gallium 20 
AW ca atk Doubly ionized alu- | 20 Hy... + o.\-Ebydrogen 9 

minum TG ees ek Helium 9 
JAS or ba eae Arsenic 58 HET ct: Ionized helium Io 
7A) ee Gold 13 JEN ieee a8 Mercury 19 
Brite shes ie Boron 19 DE ete Boat Indium 20 
BOS weiss: Barium 17 Keds ee ee Ootassim. II 
eG sat Jonized barium 18 UE faye Ionized lanthanum 56 
Bees ec cts Beryllium 13 LS Sis; ace Lithium II 
Be ree neta: Ionized beryllium 13 5 ieee ds Magnesium 13 
BEA erae wie Bismuth 58 Mgt+....| Ionized magnesium 14 
OS Dh ne Ionized carbon 20 Mn sons 3 Manganese 42 
CO ee tas Calcium I4 Moe. Molybdenum 42 
CAG esas Ionized calcium 16 N+ .....| Ionized nitrogen 56 
(OY eee te Cadmium 18 Na......| Sodium II 
GOs isch Ionized cadmium 19 Wetec: eck Neon ike) 
(CSE eee Cobalt 54 OL ae Tae Oxygen 2I 
(0) eae Chromium 39 I Sarno Phosphorus 57, 
CSe Reciacte-s Caesium 12 Pee ee eaG 21 
(Oy ie ee Copper 12 ROS nt Rubidium 12 


*In this table the elements have been arranged in the alphabetical order of their chemical symbols. 


105 


60 HENRY NORRIS RUSSELL 


INDEX TO TABLE I—Continued 


Symbol Element Page Symbol Element Page 
eerie Sulphur 22 Tit+.....| Ionized titanium 32 
SOs ares Antimony 58 Dl Riad Thallium 20 
S622: ae ecandrune: 22 Veneer vanadrinn 36 
Sct+.....| Ionized scandium 23 Vers | CLT UU 24 
oR ano: Selenium 22 Vette en Tonized yttrium 25 
Si+++ ..| Trebly ionized silicon | 21 i eee Zinc 18 
eT oe Strontium 16 Pi moet, Mite Tonized zinc 18 
A OUI Tonized strontium 17 PA ost Pare Zirconium 35 
ligt aes Titanium 2 Zr+.....| Ionized zirconium 35 


NOTES TO TABLE I 


1. Lyman, Physical Review, 21, 202, 1923; Science, 50, 422, 1924. 

2. Paschen, Annalen der Physik, 60, 405, 1919. Only lines of intensity greater 
than ro (or equal to ro in the ultra-violet) are listed. The ultimate lines are unknown, 
and the ionization potential is taken from the electrical determination by G. Hertz 
(Zeitschrift fiir Physik, 18, 307, 1923). Lines originating in the four 1s-levels, which 
have an extreme range of 0.22 volts, are listed together for convenience, and similarly 
for the 2p-terms. 

3. V. Thorsen, Die Naturwissenschaften, 11, 501, 1923. 

4. Back, Annalen der Physik, 70, 347, 1923. The E.P. for the triplets is probably 
less than for the singlets, by analogy with other elements in the group. 

5. I.P. estimated by Saunders, Science, 59, 51, 1924. 

6. The lines not belonging to the ordinary series are as classified by Russell and 
Saunders (in press). . 

7. Paschen, op. cit., 71, 538, 1923. Russell, Nature, 113, 163, 1924. 

8. Paschen, of. cit., 71, 151, 1923. 

9. Fowler, Proceedings of the Royal Society, A, 105, 299, 1924. 

10. Fowler, ibid., 103, 413, 1923. 

11. Thorsen, Die Naturwissenschaften, 11, 78, 1923; Grotrian, Zeitschrift fiir 
Physik, 18, 169, 1923. 

12. Hopfield, Astrophysical Journal, 59, 114, 1924. 

13. Hopfield, Nature, 112, 437, 1923. 

14. Catalan, Anales Soc. Espan. Fis. y Quim. 20, 606, 1922, and 21, 464, 1923. 
Supplemented by the writer (unpublished). 

15. The lowest term cannot be a p?-term, as Catalan supposes, for it combines 
with doublet terms in adjacent series on both sides. It may be a d- or f-term. The 
Zeeman separations in sun-spots (the only ones available) favor the former, and the 
terms have been provisionally classified accordingly. 

16. The important enhanced line \ 4247 probably belongs to the singlet system. 
From its behavior in the furnace it is probable that it originates from a higher level 
than the ultra-violet triplets. 

17. C. C. and H. H. Kiess, Proceedings of the Washington Academy of Sciences, 13, 
270, 1923, and unpublished investigations by the writer. 

18. Unpublished investigations by the writer. 
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19. W. F. Meggers, Journal of the Washington Academy of Sciences, 13, 317, 1923- 
Supplemented by unpublished investigations communicated by Dr. Meggers. 

20. H. Gieseler, Zeitschrift fiir Physik, 22, 228, 1924. 

21. The three faint lines appear in the sun-spot spectrum, and agree exactly with 
the predicted positions of members of this group. 

22. C.C. Kiess, Scientific Papers of the Bureau of Standards, 19, 113 (No. 474), 1923. 

23. M. A. Catalan, Philosophical Transactions, A, 223, 127, 1922. 

24. Back, Zeitschrift fiir Physik, 15, 234, 1923. The excitation potential for these 
groups is shown by their temperature behavior to be fairly high. 

25. F. M. Walters, Jr., Journal of the Optical Society of America, 8, 245, 1924. 
Supplemented by unpublished work of Dr. Walters and of the writer. 

26. From unpublished data communicated by Dr. Meggers. 

27. From unpublished data communicated by Dr. Kiess. 

28. The wave-lengths here given are from unpublished measures made at the 
Bureau of Standards by Dr. Meggers, and kindly communicated by him. 

29. Unpublished Zeeman observations by Moore confirm the classification of the 
lowest level as a D-term. 

30. Miss Saltmarsh, Philosophical Magazine, 47, 874, 1924. Energy-levels and 
designation of terms added by the writer in analogy with those for As, Sb, and Bi. 

31. Ruark, Mohler, Foote, and Chenault, Scientific Papers, Bureau of Standards, 
No. 490, 1924. I.P.’s from critical potentials and uncertain by o.5 volt. 

32. Walters, Journal of the Washington Academy of Sciences, 14, 407, 1924. 

33. Gouschmidt, Die Naturwissenschaften, 41, 851, 1924. The d3-term is assumed to 
be the lowest, by analogy with Sct and Y+. Many other terms are present, with pecul- 
iar Zeeman effects. 

34. Fowler, Proceedings of the Royal Society, A, 107, 31, 1925. I.P. estimated by 
Miss Payne, Harvard College Observatory Circular, No. 256, 1924. 
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THE MEAN COLOR-INDEX OF STARS OF DIFFERENT 
APPARENT MAGNITUDES 


By FREDERICK H. SEARES 
ABSTRACT 


Variation of mean color-index with magnitude-—The increase in mean color with 
magnitude for stars of all galactic latitudes together has been determined from the 
data in the Revised Harvard Photometry, the Draper Catalogue, the Gottingen Aktino- 
metrie, the Yerkes Actinometry, and the magnitudes and colors of stars near the North 
Pole. The results to the seventeenth magnitude are expressed by the linear relations 


(Stars grouped according to visual magnitude) Co=-+0.50-+0.029m» (6) 
(Stars grouped according to photographic magnitude) Cp=—o0.18+0.071mp. (7) 


Kreiken’s measures of effective wave-lengths of stars in the Milky Way (mean lat.=5°) 
also show an increase in mean color with increasing magnitude, but the absolute values 
and the rate of change are smaller than those defined by (6) and (7). 

Variation in mean color with galactic latitude—Data from the Revised Harvard 
Photometry, the Draper Catalogue, and the Géttingen Aktinometrie give values for mean 
magnitude 7.4, which are illustrated by the curves in Figure 2. The pronounced 
galactic concentration of blue stars is plainly seen in the relatively small mean color- 
indices of the stars in low latitudes. A few fragmentary results for latitudes less than 
30° are also available for stars of the fourteenth magnitude. 

Transformation of star counts for a grouping according to visual magnitude into a 
grouping according to photographic magnitude, and vice versa—This transformation is 
of much importance in combining data derived by visual (or photovisual) and photo- 
graphic methods for a study of the distribution of stars over the face of the sky. It 
can be effected by applying a color-correction to the magnitudes, that required being 
approximately the mean of the values of Cy and Cp. For all latitudes together, the 


result from (6) and (7) is 
C=+0.16+0.050m. (ro) 


This is to be added in transforming from a visual to a photographic grouping, and 
subtracted for the reverse transformation. 

The average color of the stars of different apparent magnitudes 
is an item of importance in statistical discussions of stellar distribu- 
tion. Thus star counts have been based on both photographic 
and photovisual scales of magnitude. To combine these results, 
as must be done in deriving the surface distribution of stars over the 
sky, the use of mean colors is necessary, since the colors of individual 
stars are mostly unknown. Further, the time is approaching when 
the determination of luminosity curves for the different spectral 
types can be undertaken. A knowledge of mean color will give a 
valuable control on the results of this difficult investigation, for 
naturally the adopted frequency curves must provide a mixture of 
spectral types which will reproduce the observed. colors. 


109] I 


2 FREDERICK H. SEARES 


It should be emphasized at the outset that the relative fre- 
quency of different colors, and hence the mean color, depends upon 
the grouping of the stars, whether according to photographic or 
visual magnitude. It is also important to note that the means for 
neither method of grouping can be used directly to transform the 
data for one grouping into those of the other. This question will 
be considered in detail later. 

The material now available is sufficient for the derivation of the 
mean color-index over a considerable range in brightness for all 
galactic latitudes together, and for a general indication of the 
variation of mean color with distance from the Milky Way. 

The results are affected by several uncertainties, but none of 
these is of serious consequence. For example, some of the magni- 
tude scales to which the counts are referred require small corrections 
to reduce them to a homogeneous system; but since the change in 
mean color with magnitude is slow, the influence of scale error is 
very small. Further, the colors in many instances must be inferred 
from the spectral types; but color, for the later types at least, 
depends on absolute magnitude as well as spectrum. The mean 
absolute magnitude of each apparent magnitude is known and could 
have been used in deriving the color-indices, but for simplicity it has 
been assumed that stars brighter than about 6.5 are all of zeroabsolute 
magnitude, while the fainter stars are supposed to have the mean 
intrinsic brightness of the giants and dwarfs. Again, the results 
suffer somewhat from systematic errors of spectral classification and 
from incompleteness of the counts of stars near the limiting magni- 
tudes of the various series. Finally, the stars of faint apparent 
magnitudes are much restricted in their range in galactic latitude. 

For the discussion of the brighter stars the Harvard data are 
fundamental. These have been collected in spectral groups for 
which the median spectral types are as shown in Table I: 


TABLE I 
SPECTRAL GROUPS AND COLOR-INDEX 


Harvard group........... B A F G K M 
Median spectral class... .. B2 Ao Fo F8 Ko M 
Color-index, m<6.5...... —0,26 | 06.00 +0.38 | +0.83 | +1.48 | +1.88 


Color-index, m>6.5...... —0.26 | 0.00 | +0.38'| -+-0.76 | +1.25 | +-1.80 | 
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The color-indices in the last two lines are on the international 
system, and were taken from Mount Wilson Contribution No. 226, 
Table XII,‘ in accordance with the convention mentioned above. 
The details for the various sources of data are as follows: 

Revised Harvard Photometry. —Tables XVII and XVIII of Harvard 
Annals, 64, IV, show in detail the distribution of nearly gooo stars 
according to visual magnitude and spectral type. Results are 
given separately for four regions of the sky, designated by N,S,P,M, 
respectively. The first two are outside the Milky Way, to the 
north and the south; the third is partly, and the fourth mainly, 
in the Milky Way. These data are condensed into the totals 
shown in the upper half of Table IL and in Table III, the former of 
which refers to half-magnitude intervals for the whole sky, the 
latter to the totals in the separate regions for all magnitudes 
together. The column heading indicates the median magnitude, 
except that the second column refers to stars brighter than m= 2.25, 
with a mean of about 1.6. 

The mean color-indices, C,, for a grouping according to visual 
magnitude, are found at once with the aid of the data in Table I. 
The mean values in Table III, for all magnitudes together, corre- 
spond to a mean magnitude of 5.7. 

To obtain the results for a grouping according to photographic 
magnitude, it is to be noted that the counts for any line and column 
in the upper part of Table II refer to the photographic magnitude 
m-+C, where m is the column heading and C the color-index for 
the spectral group in question. Thus for group G, the numbers 2, 
12, 12, etc., beginning with the third column, correspond to median 
photographic magnitudes 3.33, 3.83, 4.33, etc., respectively. By 
plotting numbers, or better, the logarithms of the numbers, against 
photographic magnitudes, the totals in each spectral group for the 
median photographic magnitudes 2.5, 3.0, 3.5, etc., are readily found. 
These are collected in the lower half of Table Il; the mean color- 
indices, Cy, for the photographic grouping, appear in the last line. 

For the late spectral types the limits of photographic magnitude 
for the different groups are shifted from one to two magnitudes 
below the visual limits, while for the B stars there is a small shift 


t Astrophysical Journal, 55, 198, 1922. 
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in the opposite direction. The full utilization of the material, 
therefore, requires some extrapolation of the curves; but this can 
be done with little uncertainty, for when plotted in logarithmic 
form the curves are very smooth and nearly linear. This extrapola- 


TABLE II 


Mean Cotor-INpEx FROM Revised Harvard Photometry 
(All Galactic Latitudes Together) 


Sp. 1.6 2.5 3.0 ee 4.0 455 5.0 x8 6.0 6.5 7.0 7.5 
Be eens 18 re) 28 27 51 103 164 I70 146 WOSlac wars lenknes 
ys tones ace, 12 Io Io 25 4 04 141 541 fel) tills coullaooaen 
f Gaerne eee ee 4 4 8 Io 17 46 IOI 186 345 GUO sve Joaltcaaree 
AS PCG. 0S Gedo oe 6 2 12 12 32 AT 04 127 277 Cel Ree erty ftir 
i Reem eres 8 6 21 44 fobs 129 230 4190 762 Bot, , coee lemons 
A reg teldlawie NS 7 5 9 12 17 39 87 120 169 E72 \:cteretere|tenaveretoae 

hotals:. 5 55 36 88 130 240 458 876] 1563] 2658) 2660]......Jocceee 

Geerceiene ©.49| 0.53] ©.61|| 0.73] 0.75] ©.641 ©.68] 0.63) 0.600) 6.72) hinces|| seer 

ee +0 .06] +0 .04] —0.02] —0.13] —0.13| —o.01|] —0.04|-+0.03|-++0.01]—0.03]......]...00- 
Eos Sabeiemeiers vette 13 23 42 74 120 166 158 126 87 58 40 
AAR En Rertca 7 13 25 50 I0o 105 398 724) 1259] 1778] 2300 
Reece eclevee feistelemis I 4 7 14 27 55 I12 2090] 372 575 704 
pe careate Seka cess I 2 4 9 19 35 62 102 182 205 427 
Eee vce ainewanleavexn I 2.2 4.5 9.3 20 41 81 I55 260 468 776 
ee eaters eel niet On 0.5 10 2.2 4 8 I5 28 48 70 126 

Mires) ee ey, 23.3| 44.7] 83.5] 148.5 99 500 826] 1344| 2217] 3253| 4562 

ao) fakaiine. ce [sins are ©.00] 0.03] 0.04] 0.08 09| 0.17| 0.24] 0.31] 0.34] 0.40] 0.45 

pS ae a” 0.00} 0.00]+0.03]+0.02 ee 05] +0.01] —0.03] —0.06] —o.06] —0.08] —o.10 

TABLE III 
Cotor-INDEx AND GALAcTic LATITUDE FROM Revised Harvard Photometry 
Sp. N S Ite M All 

Se io eres 44 97 107 483 821 
terns cerca 525 381 787 1062 2755 
Headsets cece 210 254 292 341 1097 
rath cic G et erat 207 199 224 302 932 
So inc eicls ac heen: 533 594 616 797 2540 
SME eee a 137 147 149 204 637 

Lobads k secret 1656 1672 2265 3189 8782 

CO ace 0.78 0.83 0.63 0.57 0.675 (m=5.7) 

ato cents +5122 —50°2 21°9 8°8 

Cee ate 0.38 0.29 0.22 (m=5.5) 


tion accounts for the extension of the limit for the photographic 
data to 7.5. The weight for the last two values of C, is naturally 
low, and there is probably a small systematic error arising from the 
fact that the numbers for the B stars are obviously incomplete, since 
they decrease from about 5.5 on. 
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The values of C» in the last line of Table III were found by a 
transformation similar to that just described. 

Henry Draper Catalogue —In Table III of Harvard Circular 226, 
Shapley has given the relative frequencies of 98,675 stars brighter 
than visual magnitude 8.75 as derived from counts based on the 
Henry Draper Catalogue. The form of the table is similar to Table IT 
above, except that frequencies instead of numbers are given. The 
mean values of C, found from these data with the aid of the last line 
of Table I are in the last line but one of Table IV. 

To find the values of Cy the data of Table II of Harvard Circu- 
lar 226 were referred to the photographic scale by the method used 


TABLE IV 


Mean Cotor-INDEXx FROM Henry Draper Catalogue 
(All Galactic Latitudes Together) 


Sp 5-4 6.5 750 7-5 8.0 8.5 9.0 9-5 10.0 
1 eee 20.8 10.5 vee Baa 33 2:5 Te5 I.0 0.6 
AFA ety, ass BOG S2eyal Ssa2r| ASwBile S200) AQcS: |) - ater. sons a7i% 
IB iectas I0.4 I3.0 13.3 T5a2 13.6 13.9 14.2 EDet 7.8 
Gaye: Ista 7.8 Onsal| mexteoullletr sO) ee TseOolharo dell 22cOnmesuct 
| ee eae Lear I3.9 I5.0 17.6 17.0 18.2 21.8 Ane PX | 
Vee se 2.0 2.0 2.0 2.1 oar 2.1 253 2.9 3.0 
Core Oy20|") 0. 20/1 0233 0.39] 0.38) 0.42 0.50] 0.58] 0.61 
RGSS. oo] — .or1] — .o1] — .04/ + .03 .00] — .04) —o0.08) —0.08 
( Cee mee 61 .66 68 WPS .78 .76 s Fal crete vals crepes 
Resse. +0.05| +0.03| +0.02| —o.03] —o.05| —o.or} +0.02].......].....2- 


in the case of the Revised Harvard Photometry. ‘The results represent 
the total numbers of stars for each spectral group to successive 
limits of photographic magnitude. The numbers in each half- 
magnitude interval found by differencing the totals were reduced 
to relative frequencies with the results shown in Table IV. The 
values of Cy, calculated as before, are in the fourth line from the 
bottom of the table. 

The limiting magnitude to which the Henry Draper Catalogue 
is complete is stated by Shapley to be about 8.25 for the northern 
sky and 8.75 for the southern. For the present purpose incomplete- 
ness in the fainter magnitudes given in Table LV is of no consequence, 
provided the selection of spectral types is representative. Of this 
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we cannot be sure, but in any case the effect on the mean color is 
probably not serious. 

The frequencies of the spectral classes in different galactic 
latitudes are not yet available for the Draper Catalogue in numerical 
form, but Shapley has given them diagrammatically," for all magni- 
tudes together, to the visual limit 8.25. Frequencies scaled from 
this diagram and combined with the values of the color from the 
last line of Table I lead to the following mean colors: 


1 DE ee ter gr Oo “tox go 45°" 60° “78* "igo" 
Gynt EC Re secre 0.51 0.62 0.79 0.86 0.94 0.94 0.93 (z) 
SMoothed occa. .48 0.51 0.62 0.78 0.86 0.91 0.94 0.94 


The number of stars involved is 58,508,? and their mean magni- 
tude is 7.4. 

Gottingen Aktinometrie——Counts of the stars in this catalogue 
for half-magnitude intervals of Potsdam visual magnitude and 
various intervals of the color-index J» were made for another purpose 
some years ago. These are collected in Table V, for which the 
magnitude headings, as usual, are median values. The mean values 
of J, within the intervals used were found from the data in Table 29a 
of the Aktinometrie (Part B, p. 34), and reduced to the international 
system by adding +0.29. ‘This reduction constant was found by 
comparing the data in the first two columns of Table 23 of the 
Aktinometrie with the Mount Wilson color-indices for stars of ab- 
solute magnitude zero. 

The resulting values of C,, in the fourth line from the bottom of 
Table V, are seriously influenced by selection. ‘The general increase 
in mean color with increasing magnitude is masked, if not actually 
reversed. ‘The values for the bright stars are too large because the 
photographic images of early-type stars were oftentimes too dense 
for measurement, while late-type stars of the same visual magnitude 
were easily measurable. For faint stars, on the other hand, the 
selection operates in the opposite direction. The value for the 
middle of the series, C)=0.71 for m=6.25, is probably the only 
one that can be trusted. 

The difficulty should disappear, however, when the counts are 

* Proceedings of the American Academy of Arts and Sciences, 59, 227, 1924. 

2 Harvard Circular 226, Table II. 
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reduced to a photographic grouping by the method already used. 
The values of C, thus found are in the last line but one of Table V. 
As usual, the first and last values are less reliable because of extrapo- 
lation of the transformation curves. 


TABLE V 


MEAN Cotor-INDEX FROM Gdttingen Aktinometrie 
(All Galactic Latitudes Together) 


Limits Jy oe 4=25 \A.75' [5:25 | 5.75 | 6.25. | 6.75 | 7.25 | 7-75 | 8.25 

ees REY ofS viel eee nei BP ae tae rere 15 18 43 80 126 120 G0] ss eer 
—=0.32toO 0.00... + .13 4 16 20 4I 84 145 217 ESOlnss see 
HOO LO Fas. -41 8 8 19 4I 54 109 182 BHO veces 
+0.35 to +0.99... 0.96 Io 21 28 55 117 215 264 110) RS 
+1.00 to +1.90... T.57, 10 21 42 68 117 207 189 Bale Mets 
Bate OO. hee iea oalk ons PTaahO. Ween 2 I 2 3 2 D1 eared (Gao or 
otalsunn-nwcae sects ebieshiesee 5 32 83 137 250| 455 804 083 S30| sees 

{Cal eater aries s litle a tale oe O.git 0.73) 0.76) 0,72] 0.73) 0:72] 0.68] O.83ic. une 
INGE Rtoetetee rene ceivieeurear « — .29|/— .Oo9]— .II]— .05]}— .03]— .o2/-+ .o6/-+ .2t]...... 

Wants iar cerenine vv oleae een 3 .20 -27 -27 -30 Bu +33 “ee -41| 0.46 
GH SPRY Mtstelcia: hereto ee aeiseit —o.17|—0.11] —0.08] —0.07] —0.05] —0.03] —0.02] —0.04|—0.05 


Although the Aktinometrie includes only the zone o°20° in 
declination, it gives valuable information as to the variation of 
color with galactic latitude. Tables 29a, 29), and 30 contain data 
bearing on the question, which, it is stated, refer to the stars between 
4.50 and 6.99 of photographic magnitude. This, however, seems 
to be anerror. ‘The mean values of the color are in agreement with 
those found from other sources for a grouping according to visual 
magnitude, and a recount for the data given in Table 30, based on a 
grouping according to Géttingen photographic magnitude, shows 
clearly that this is the case. 


TABLE VI 
Cotor AND GALactic LATITUDE, Géttingen Aktinometrie, m=6.3 
R.A. Gal. Lat. Cy Cy R.A. Gal. Lat. Cs Cy 
obs —52° 0.84 ©.40 tabs +72° 0.85 0.38 
255 44 -64 -30 I4.5 59 .88 -42 
4.5 —23 -56 ee 16.5 34 .85 -43 
6.5 + 2 .62 ety, 18.5 +7 a72 725 
8.5 28 -78 S3e 20.5 —18 -93 -36 
10.5 +54 0.81 0.37 22.5 —40 0.79 0.41 


The third and seventh columns of Table VI show the results 
from Table 30 of the Aktinometrie, which are here given their correct 
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designation C,. The fourth and eighth columns give the values of 
C, based on the recount for intervals of photographic magnitude. 
Both series have been reduced to the international system of color 
and refer to the mean magnitude 6.3. The galactic latitudes are 
for the centers of the areas over which the colors have been averaged. 
The smoothed results are 


RELL LAG tense shah O10" (308 - As 06 ane Ge 
SEN RS ee oa (0.66) (0.70) (0.76) 0.80 0.85 0.88 0.90 + (2) 
Len koe eee 0.19 0.24 0.32 0.37 0.40 0.42 0.44 


The values of C,, like those in Table V, are affected by the 
selection in the data described above. The exclusion of the bright 
early-type stars increases the mean color in low galactic latitudes. 
In high latitudes, on the other hand, early-type stars occur but 
rarely. The compensating influence arising from the omission of 
faint late-type stars probably does not enter to any appreciable 
degree, because the lower limit is visual magnitude 6.99 and the 
totals in Table V show that to this limit they are nearly if not 
quite complete. A comparison of the second line of (2) with the 
last line of (1) supports this view. From 45° to go° the differences 
are practically constant, with a mean value of 0.055. The difference 
to be expected because of the fact that the data from the Draper 
Catalogue are for mean magnitude 7.4 while those of the A ktinometrie 
are for 6.3 is 0.032 mag. ‘The agreement for the higher latitudes is 
therefore within the uncertainty, but for low latitudes the results 
for C, in (2) are certainly too large. The values of Cy, on the other 
hand, should be reliable for all latitudes. 

Yerkes Actinometry—The number of stars in the catalogue is 
not large, and the range in galactic latitude is small. It will be 
sufficient to quote here the result derived by Kapteyn,? who found 
for the stars of visual magnitude 6-7 


C,=+0.66 (m=6.6). (3) 
North polar stars —Well-determined color-indices are available? to 
photovisual magnitude 17.4. Mean values are given in Table VII. 


* Mt. Wilson Contr., No. 83; Astrophysical Journal, 40, 187, 1914. eq. (16). 
2 Transactions International Astronomical Union, 1, 69, 1922. 
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Stars brighter than about the twelfth magnitude are omitted; they 
are few in number and many of them are selected because of small 
color-index. The galactic latitude is 28°. 

Since the photographic magnitudes extend to about magnitude 
20, a grouping according to photovisual magnitude should be free 
from the influence of selection. ‘This is not true, however, when the 
data are grouped according to photographic magnitude. For 
example, color-indices are available for stars as faint as photographic 
magnitude 19.1, but these stars are all very red. Stars of this 
photographic brightness having moderate color-indices do not occur 
among the data because their photovisual magnitudes are below 
the limit 17.4. The last value of Cy in Table VII is certainly too 


TABLE VII 


MeEaAN Cotor-InpIces FoR NortH Porar STARs 


Pv. Mag. Cy Res. No. Stars | Pg. Mag. Cy Res. No. Stars 
Dare ayain chee e's lene 0.86 —0.04 18 neal Ong; —0.04 25 
TES tiewsso) sya! tess "63 .9Oo fete) 28 14.6 rE 05 27 
ANA Br Nee chess iayaho 83 =— 09 25 nett .98 — .07 26 
A A se ye fin ios 0.94 + .O 16 16.3 0.93 + .05 I2 
TG Reem go ators I.30 | —0.30 17 18.3 (1.29) |(—o.17) 19 


large; but there is no reason to suspect any disturbance of the last 
C, beyond that arising from the small number of stars. 

Field of S Cygni.—The colors of about 4oo stars between 
photovisual magnitudes 12 and 17 have been measured at Mount 
Wilson. The increase in the minimum color-index appears, as it 
did in the case of provisional values for about 200 stars in this region 
which were illustrated in Contribution No. 81; but the customary 
increase in mean color is masked by a large percentage of red stars 
between the twelfth and fourteenth magnitudes. Moreover, the 
magnitude scales are not wholly satisfactory. It seems best, 
therefore, to use only mean values for the entire series. ‘The results 
are 

C,=0.70 (m=13.9) 
Cp=0.70 (m=14.3) (4) 
Gal. lat.= 13° 

t Astrophysical Journal, 39, 361, 1914. : 
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Colors of faint stars in the Milky Way.—The color-indices of 
about 3350 stars in eight different regions of the Milky Way were 
determined by Kreiken from objective grating photographs made 
by Hertzsprung with the 60-inch reflector at Mount Wilson in 
r912. The galactic latitudes for the separate regions range from 
—8° to +12°, witha mean of 5°. The colors are on the international 
system, and were grouped by Kreiken according to intervals of 
photographic magnitude. Table 38 of his paper shows that the 
systematic differences in the mean colors from region to region are 


TABLE VIII 
NumBrers AND MrAN Cotors oF Stars in Mitxy Way (KREIKEN) 


Cr Io II 12 13 I4 15 

On eae bicrhett  peevae, etercietelss| st srenene msberehate | ane tenen ner cets |rateueestevenc latinas 2 5 
YG Aree I 7 yee AB eaeye moe it 2 I2 
BAL cults 3 I2 4 14 I2 22 
te eerie 3 I4 16 60 58 48 

een eee 9 20 53 185 107 161 
PA ad ox 6 20 41 I2I 222 210 

NOs an aoc S 8 17 51 156 235 
Chee ats oa I 5 Ir 35 65 180 
DSO ces 2 8 Io 43 82 I4I 
Foe aiendenat 3 7 9 oi 76 I19Q 
Ly Anes 2 3 g 32 32 70 
PEOs ne I 2 I ini 21 36 
Os carar-reex if aerete minty wie | Sue Nae eee ieee ones oe ee « I 3 20 
ak Lk oe Saag aa) Wee ees eter (one greene LN ESS a ee Teal FIO ae, wt arc I Io 
Totals 34 IIo 165 591 929 1269 

Cpe ware °.46 0.39 0.43 ©.49 0.57 0.70 

C 0.67 0.68 0.69 0.70 0.72 0.78 


not large. The counts have therefore been combined, and, in a 
somewhat abbreviated form (3098 stars), are given in Table VIII. 
With the exception of the first value of Cy, which depends on a small 
number of stars, the mean color-index shows the characteristic 
increase. The results for C, were obtained by the usual transfor- 
mation. 

Harvard Standard Regions.—A discussion of about 800 stars in 
these regions by Miss Leavitt has been given in Harvard Circular 230. 
The counts according to photographic magnitude in Table I of that 


*E. A. Kreiken, On the Colour of the Faint Stars in the Milky Way and the Distance 
of the Scutum Group. This publication bears neither date nor imprint, but seems to 
have been issued from Groningen. 
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publication have been combined and appear in Table IX below. 
The spectral types are the mean values given by Miss Leavitt. 
The corresponding color-indices in the second column of the table 
are Mount Wilson values and represent the mean for giant and 
dwarf stars. ‘The increase in the resulting values of Cy is abnormal, 


TABLE IX 
MEAN Cotor-INDEX FOR HARVARD STANDARD REGIONS 


Sp Gat vi! 8 fo) 50) II 
BS eis cid ois —o.18 7 II 2 TL! |icuaere mae 
UND ese 2 na fhe + .04 4I 63 59 27 3 
TOS Ore oA: 21 29 33 OW | iechsrats sacs 
Looe oe Sis 22 60 50 48 9 
Gore seiortovers ® 1.20 26 66 68 80 30 
KG iii care evel -+--1.60 2 6 14 se) 5 
BLOtals al & eh ote IIQ 235 226 175 47 
rate sneer softs ©.40 0.61 0.68 0.87 1.08 
VES ore acts | atone loves ae —0.17 —=—0.22 —0,.22 —=O034 —0.40 


and a comparison with the other data shows that the entire series 
is systematically too large by about 0.3 mag. The counts are 
obviously incomplete, and apparently the selection has been such 
as to favor the stars of high color. When grouped according to 
the four sections of the sky designated by N, S, P, and M, the 
means for all magnitudes together (7 =8.7) are 


N S) P M 
RPL AURE peas t's sien sic sts “-Sta2 —=50.8 2.0. 8.8 (5) 
oath oer epee sete a Saree 0.85 O70 sq. (0.42 


COMBINATION OF DATA 


Change in mean color-index with magnitude—The results for 
all galactic latitudes together derived from the Revised Harvard 
Photometry, the Draper Catalogue, and the Gétlingen Aktinometrie 
(Tables II, IV, V) are shown graphically in Figure 1. The Mount 
Wilson values for stars near the North Pole (Table VII) are also 
included. The galactic latitude of 28° is not far from the mean for 
all the stars of moderate brightness,’ and at present these data 


t Because of the change in galactic concentration with increasing magnitude, the 
mean latitude also varies with the magnitude of the stars considered. 
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provide the only means available for extending the mean results 
for all latitudes to the faint stars. Kreiken’s measures of fields 
in mean latitude 5° are so close to the galactic circle that they supply 
only a rough control on the general accuracy of the results. 

An inspection of Figure 1 shows that the values of both C, and 
Cy as functions of the magnitude are well represented by simple 
linear relations. Those adopted are 


Cy =+0.50+0.029mM, (6) 


All latitudes together tree Ente Ector sae Gy) 


The corrections to the tabular values necessary to reduce them 
to those defined by (6) and (7) are given in the various tables oppo- 
site the designation “‘Res.’’ The influence of selection upon the 
values of C, for the Géltingen Aktinometrie (Table V) is clearly evi- 
dent, and the large systematic discordance for the Harvard Standard 
Regions is shown in the last line of Table IX. Otherwise, the 
residuals are well within the inherent uncertainties. 

Variation of mean color with galactic latitude —Most of the data 
bearing on the change in color with latitude refer to stars between 
mean magnitudes 5.7 and 7.4. It cannot be supposed that the 
coefficients of m in (6) and (7) are valid for all galactic latitudes; 
but no serious error will be introduced by using them to calculate 
the changes in C for an interval of one or two magnitudes. In 
this way the values of C, for the Harvard Photometry in Table III 
(m=5.7) and for the Géttingen Aktinometrie in (2) (m=6.3) can be 
reduced to m= 7.4 for comparison with the results from the Draper 
Catalogue given in (1). The corrections are +0.05 and +0.03, 
respectively. ‘The agreement of the three series of results is shown 
graphically in the upper part of Figure 2. With the exception of 
the first two points for the Gottingen Aktinometrie, which have been 
discussed above, the deviations from the curve for the Draper 
Catalogue are small, and for the present it will be sufficient to accept 
this curve as a reasonably good approximation. 

The lower part of Figure 2 shows the agreement of the values of 
C, from the Harvard Photometry (last line of Table III) with those 
from the Aktinometrie, given in (2). The systematic difference is 
0.02 mag., which again is well within the uncertainty of the data. 
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Reduced to m=14.0, the results for S Cygni given in (4) are 
shown in the third column of Table X. The values for the same 
magnitude found from Kreiken’s data (Table VIII) and from the 


Fic, 2.—Mean color-index and galactic latitude for stars grouped according to 
visual (Cy, m=7.4) and photographic (Cp, m=6.3) magnitude. Points: Revised Har- 
vard Photometry; circles: Henry Draper Catalogue; crosses: Gottingen Aktinometrie. 


polar stars by (6) and (7) are in the second and fourth columns 
of this table. C, for S Cygni is the only discordant value. By 
comparing Kreiken’s values for m=14 with C,=0.56 and Cp=0.20, 


« 


TABLE X 
MerAN COLORS FOR mM=1I4.0 


Maly Wey S Cygni N. Polar Stars 
Lat estiaic. ac, toes Re Te 28° 
CF kectiesrosite ts 0.72 0.70 0.91 
Cos throbs stoeieiets 0.57 0.68 0.81 


read from the curves in Figure 2 for latitude 5°, and assuming a 
linear increase in color with m, we find 


_¢ | Co=+0.38+0.024m, (8) 
a Cy=—0.10+0.048mp. (9) 


The coefficients in these relations are in general agreement with 
the variation in color shown by Kreiken’s measures in the interval 
m=10 to 15. The relatively slow increase in the mean color in 
the Milky Way indicated by a comparison of (8) and (9) with (6) 
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and (7) is in accordance with what we know of the distribution of 
colors among bright and faint stars in different parts of the sky. 
Transformation of star counts for a grouping according to visual 
magnitude into a grouping according to photographic magnitude, and 
vice versa.—A simple illustration shows that the values of C, and 
C, found above cannot be used directly for this transformation. 
The increase with magnitude in the number of stars in a constant 
interval of magnitude is nearly that of a geometrical progression. 
Suppose this to be strictly the case, and, further, suppose that we 
have only two classes of stars, I and II, with color-indices of o and 
I mag., respectively. Let the numbers for a grouping according 
to visual magnitudes be as shown in the second, third, and fourth 
lines of Table XI. With the adopted color-indices, the numbers 


TABLE XI 
HViediami naan nie Maric. o3 « 4 5 6 7 8 
PN Gem Lina teres tes ore lols 6 neo ones 2 4 8 16 
IN(@)s 7] eB SoS, Aas OO eee 2 4 8 16 32 
BUGtALASWN Marsares tea eeieet es 6 12 24 48 
INOW pate htars sieesaccisteeaval dcop eld she tes 2 4 8 16 
UN Obalitin wearin atren chelates 0 Sree seh ise.e 2 4 8 16 
POL ALE—UV is Geto sen ervcte xsetPeh owt sce 4 16 32 


for a photographic grouping will then be those given in the last 
three lines of the table. 

The mean color-indices C, and C» are in both cases constant and 
equal, respectively, to 0.67 and 0.50. The mean photographic mag- 
nitudes of the groups JN, are therefore 


=e <. 567; 6:67; 9.07 3 %/s05 


while the mean visual magnitudes of the groups NV, are 


U 


5 Pe a ce te ial ah 2 Os Mee 


We cannot, however, take the sequences p’ and N, and by interpo- 
lation arrive at the true values of NV, for photographic magnitude = 
5, 6, and 7. The result of such an interpolation is 3.77, 7.55, and 
15.10, whereas the correct values, as shown in the last line of 
Table XI, are 4,8,and 16. Nor canwe use the sequences v’ and Vy 
and by interpolation obtain correct values of WV,, that is, of the 
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totals for a grouping according to visual magnitude. In each case 
a statistical error enters; these errors are opposite in sign, and, for 
the data of the illustration, equal in percentage amount. 

In the absence of definite knowledge of the frequencies of the 
various spectral types for different magnitudes the statistical 
errors are difficult to determine, and it is simpler to approach the 
question by comparing the values of NV, and Ny» and ask what 
photographic magnitudes, in a grouping according to this magnitude, 
will correspond to the totals NV, (or vice versa). ‘This comparison 
of totals, or better, a comparison of the values of log N, and log Ng, 
leads to the following sequences of corresponding magnitudes: 

VisUals toe ee arort: 5 6 yi 

Photographic......... BysOn On505> "7. eon 
The meaning of the sequences is that if, in a grouping according to 
visual magnitude, a total of N stars corresponds to the median 
magnitude m, then, in a grouping according to photographic 
magnitude, the total N will correspond to median magnitude 
m-+-o.585. Hence, the color-index which must be applied to the 
magnitudes in order to transform the totals grouped according to 
visual magnitude into the corresponding grouping according to 
photographic magnitude is 0.585. The result for the reverse 
transformation is the same. From conditions of symmetry we 
should expect this value to be sensibly equal to the mean of C,=0.67 
and Cy=0.50, which, in fact, is the case. 

This suggests a practical method of procedure. The relations 
between the actual counts are not as simple as those of the illustra- 
tion. Nevertheless, only small errors of the second order will be 
introduced by using the mean values of Cy, and C, found above, 
which for the case of all galactic latitudes together are defined by 
equations (6) and (7). For this general case the mean color-index 
for the transformation of star counts referred to visual scale into 
counts referred to the photographic scale, or vice versa, is therefore 

C=-+0.16+0.050m. (10) 
This relation is approximate, but within the limits of error of the 
existing data. 
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SOME RELATIONS BETWEEN MAGNITUDE 
SCALES 


By FREDERICK H. SEARES 


ABSTRACT 


Systematic corrections to various systems of magnitudes—The principal purpose is 
the reduction of the Harvard visual scale to the Mount Wilson photovisual system. Inci- 
dentally, it is necessary to discuss the relation of this system to the photographic and 
photovisual magnitudes of King and the visual results of the Potsdam Durchmusterung. 
A direct comparison of Polar Sequence measures gives the values of the color equation, 
which seems to depend on the magnitude, and the scale correction for the Harvard scale 
between m=4 and 13 (Table II and [2]). King’s extra-focal measures define scales 
which are sensibly parallel to MW and H results for m<4 (Tables III-V) and extend 
the series of color coefficients, but leave the zero-point correction to the Harvard 
visual magnitudes of bright stars rather uncertain. The result, however, is confirmed 
by comparing, in the critical region, the PD and HR and the PD and MW systems. 
The scale corrections for Harvard are approximately —o0.08 to m=5; +0.07 (m—6) for 
m=s5 to 9.5; and —o.08 (m—12.5) for m=9.5 to 13. The changes in the run in the 
differences correspond to the division-points between measures made with the 2-inch, 
4-inch, and 12-inch meridian photometers. The comparison of Harvard and Potsdam 
is based mainly on the data of Miiller and Kempf and leads finally to the scale and 
color corrections for the PD (Table VI), confirmed in part by direct comparison of 
PD and MW magnitudes for Polar Sequence stars. 


The problem of reducing existing photometric data to a homo- 
geneous system is very complicated and cannot be satisfactorily 
accomplished at present because of lack of information as to scale 
errors and color equations. ‘The difficulties'in the case of visual 
magnitudes are especially troublesome, since the color equation 
frequently varies with the brightness of the stars.t The following 
pages discuss the relations between certain photometric systems, 
chiefly Harvard, Potsdam, and Mount Wilson, for which details 
can now be traced with some definiteness. 

Satisfactory photographic standards are now available in the 
magnitudes of stars near the Pole, collected and combined by the 
Commission on Stellar Photometry.2 The state of affairs with 
respect to visual standards is less satisfactory. Because of certain 

t See, for example, Harvard Annals, 64, 116 ff.; Potsdam Publikationen, 17, Intro- 
duction, 1917; Géttingen Aktinometrie, B, p. 24, 1912. 


2 Trans. Internat. Astron. Union, 1, 69, 1922. For brevity this report of the 
Commission is referred to in the text simply as the Report. ~ 
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definite advantages, the photovisual scale is much to be preferred 
as an ultimate standard to which all other systems of visual and 
photovisual magnitudes shall be reduced. Briefly, these advan- 
tages are, first, the general advantages of a photographic method 
over that of visual photometry. Second, the freedom, at least com- 
paratively speaking, of the color equation from changes depending 
on the brightness of the stars. And third, the slight dependence of 
the color equation on the instrument. As an illustration of the last 
point, photovisual magnitudes determined at Mount Wilson with 
the ro-inch Cooke refractor and the 60-inch reflector are sensibly 
identical in color value, although measures of photographic bright- 
ness with these instruments show a relative equation amounting to 
one-fifth the color-index.t Even large differences in the photo- 
graphic plate and the filter make surprisingly little difference. 
Thus Parkhurst, for the photovisual magnitudes of the Yerkes 
actinometry, used a trichromatic plate and a visual-luminosity 
filter covering the interval \ 4000-6200. At Mount Wilson we 
have used an isochromatic plate and a filter which limit the region 
of spectral sensibility to \ 5000-5900, and yet the two color 
systems are practically the same. 


I. THE MOUNT WILSON PHOTOVISUAL SYSTEM 


The only photovisual scale covering a wide interval in bright- 
ness is that defined by the Mount Wilson magnitudes of stars near 
the Pole. These were determined with the 1o-inch Cooke refractor 
and the 60-inch reflector and are given in final form in the Report. 
The results have not been confirmed by published data obtained 
elsewhere, but for the following reasons there can be little doubt of 
their substantial accuracy. (1) The methods used were those 
employed in establishing the photographic scale, which is known to 
be free from sensible systematic error. (2) Measures with the Cooke 
refractor between m=6.5 and 12.5 agree with those made with the 
reflector.?, (3) Reduced to photovisual values by means of color- 
indices determined by the method of exposure ratios, the photo- 

*Seares and Humason, Mt. Wilson Contr., No. 234; Astrophysical Journal, 56, 
84, 1922. 

2 See columns 17 and 18, Table I, of the Report. 
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graphic magnitudes define a photovisual scale which agrees closely 

with that established directly. The differences from m=3.0 to 17.4 

are the same as those shown in Table III of the Report. The maxi- 
TABLE I 


PHOTOVISUAL AND HARVARD VISUAL SCALES, POLAR SEQUENCE 


. MW —HV lFinal Color| Scale rae : 

Group No. MW Po | Hare. Vis. Cc oe Com Po—HV Residuals 
Is 2.08 2.12 0.49 +o.or | —0.06 | +0.02 |........ 

I 4.37 4.44 | 0.01 —* .02 .00 | — ,07 0.00 

ir 5.09 5.20 1 57 TA | — 85.10) |. 02), |S OF 

1 Ben are 2 5.28 5.38 |—o. 11 OSH |) ste Ory|) ——- TEs | OF 
3 5.56 5.62 0.18 O4 | —".02 | — .o4 .00 

4 5.84 5.86 0.14 or 02 oo | + .02 

2s 6.30 6.28 OnLy, .00 .0o2 | + .04 |] + .04 

a a 6.35 6733 | 0.26 .00 .03 | + .05 | + .04 
ar One2 6.55 1.58 S27 20) i=) Ou Ob 

5 6.45 6.43 0. OI .O1 .00 | + .02 .00 

6 7.06 7.01 0.06 =) lee | ante 06 .00 

7 Assis 7.44 |—0.17 + .or | + .02 (exe) || (=! ou 

TNE seers 3r ipoiwe ay | I.41 — .12| — .18 18 | + .07 
8 8.13 7 OT | On ae + .or 03 9 | -- .65 

4r 8.27 8. 26 I.00 == TO -14 |S aOr 

sr 8. 63 8.67 53 = .24 22 Rey |f Gow ete) 

UV Ses 9 8.83 8.61 | 0.17 | + .03 .02 24 | + .04 
Io 9.06 8.94 | 0.12 — .09 .02 E4 =" 109 

6r Q. 24 0.25 I. 26 — .23 Arie, uit lf fon! ELOY 

II 9.56 9.30 | 0.24 + .03 -04 30 | - .o4 

I2 On 77 9.54 0.31 .00 .O5 28 .00 

Vickers icra, 4s 9.83 9.58 | 0.50 | + .02 .08 33 | + .05 
or 9.87 9.84 ate — 00 +19 oy Mae © STois 

5s 10.06 9.86 | 1.06 .02 .18 38 | + .I1 

13 10. 37 IO. 25 0.22 08 04 16 | — .07 

8r 10. 46 I0. 39 0.98 II 17 24 {ele} 

IVilerecte 14 Io. 56 10.44 | 0.42 06 .08 20 | — .or 
6s 10.72 10.75 0. 68 18 wbS Io | — .08 

I5 10. 88 10.78 | 0.38 —= 105 sley/ D7 eon 

16 II. 22 Ir.07 | 0.36 + .02 .07 22) + .07 

Liv II.30 Tm Ee RS) 0.54 + .o1 ag 22 | + .08 

Vil. 18 II.go II.93 0.39 — .08 .08 OF |e —sO3 
IIr 12.07 TOvoA |e rere 20 Py On| =n OF: 

19 EN Seer el) foyey. 8 ol <RE | ste. 13s tO 

20 12.52 12.65 | 0.50 og | — .12 | — .or | —0.01 

23 I3.00 13.34 | 0-50 BA N=" TORY <=" 2 EO) Nia tyetelevere ts 

Qs 13.74 | 13.94 1.04 —6,03 | —0.3T | 4-O.28 Joes onene 
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mum difference is, direct observation minus calculation = +0.08 
mag.,atm=8.6. (4) Unpublished photovisual data obtained at the 
Harvard Observatory and communicated some years ago by Miss 
Leavitt agree well, in general, with the Mount Wilson results. The 
comparison extends from 6.5 to 14.5. A small divergence enters at 
the eighth magnitude; at the tenth magnitude it attains a maximum 
of +0.10 mag., in the sense MW —H, and thereafter remains nearly 
constant. 

The Mount Wilson photovisual magnitudes of the Report are 
accordingly adopted as provisional standards, and for brevity the 
scale defined by them is frequently referred to in what follows simply 
as the “photovisual scale.”’ fi 


2. HARVARD VISUAL MAGNITUDES OF THE POLAR SEQUENCE 


The differences in column 16, Table I, of the Report show that 
these magnitudes differ systematically from the photovisual scale. 
A color equation of approximately —o.14C is also indicated” A 
detailed examination of these differences follows. 

The numbers, the Mount Wilson photovisual, and the Harvard 
visual magnitudes of the thirty-seven stars available for discussion 
are in the second, third, and fourth columns of Table I. The color- 
indices in the fifth column are the means of those found from magni- 
tudes and by the method of exposure ratios, and given in the Report 
under the designation C,, and C., respectively. 

The differences Pu—HV were provisionally corrected for color 
by applying —o.14 C. This led to an approximate scale correction 
which was then applied to the original values of Pu— HY, the results 
being in the sixth column of Table I. For the final determination 
of the color equation these corrected differences were grouped as 
indicated in the first column, the first star and the last three stars 
being omitted because of uncertainty in the scales for the extremes 
of brightness. 

Each of the seven groups includes one or two red stars and 
several having small or moderate color-indices. Graphical solu- 

t The sign, here as elsewhere in this discussion, is such that the algebraic addition 


of the correction reduces the data in question to the adopted standard system. Unless 
otherwise stated, the color-index C is that referred to the standard system. 
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tions for the separate groups gave the following values of the color 
coefficient: 


ergeil is Ergon Mi Ties Leer LV LV VI vit 
Mean vis.mag. 5.26 6.55 7.90 8.96 9.85 10.57 12.24 7 (1) 
Color coeff.....—o.08—0.18—0.14—0.15—0.18 —0.17 —0.24 


These results indicate an increase in color equation with increas- 
ing magnitude. The smoothed values (that for m=3 is from 
section 3) are 


COLOR EQUATION, HARVARD VISUAL MAGNITUDES 


6 Aba age a 3 5 6 7 8 

Color coe. ss... 2x... —=0,00 —O.IL —O712——0.13 —0.I4 

AV TMPEIILAD Morey yc x 3 Sop a Sarees 9 ie) II 12 @) 
MOISES COe his a sae ily e's orks —0.15. —0O.17 —0.20 —0.23 


These were used to correct once more the original differences 
Pv—HYV, the corrections themselves being in the seventh column 


TABLE II 
Norte PoLtarR SEQUENCE, SCALE DIFFERENCE Pv—HV* 


AV Po—HV HV Po—HV HV Po—HV 
AL Ome G5 3 —o.08 a ey cee +o.10 TLROR wires +o. 16 
NE Ng cuatan i= BOy BO. aremrrne I4 LiLo a ctereeie srt 
Or ABCC ee 06 Foti tot dita HIT 19 TANOae stem 06 
Re Reeve o4 QuOhreetes s 24 W248 Sere cies + .02 
(Sie Bets Cerne = OL OQerBe dt whewseys 28 TacOeseentes — .03 
(Oa irateneys ain es + .02 TOWOnaee atest 25 EG eat hess —0.07 
me Osbteetsiere ars +0. 06 10.5 STOPDOE mill llapersuaye eter ayeiete. || che: syercye: eee eeeters 


* The correction to the magnitudes of the Revised Harvard Photometry for m< 4.0 is —0.08. This, 
together with the tabular values, represents the provisionally adopted scale correction for reduction of 
the Harvard visual to the Mount Wilson photovisual scale. The corrections have been freed from color 
equation by means of the data under (2). 


of Table I. The results in the eighth column define the adopted 
correction to the Harvard visual scale of the Polar Sequence. A 
plot of the differences is shown in Figure 1; the smoothed values 
are given in Table II, and, finally, the last column of Table I shows 
the residual differences Py—HV found with the aid of (2) and the 
smoothed scale correction in Table IT. 

The corrected difference for Polaris in the first line of Table I is 
+o.02, which suggests that for the interval m= 2 to 6 the scales are 
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nearly parallel. Between m=6 and m=g.5 the divergence is ap- 
proximately represented by +0.07 (m—6), while below 9.5 it has 
the form —o0.08 (m—12.5). This peculiar behavior probably rep- 
resents the characteristics of the instruments commonly used for 
the Harvard visual measures—the 2-inch, 4-inch, and 12-inch me- 
ridian photometers. Generally speaking, measures with the 2-inch 
photometer extend to the sixth magnitude, and with the 4-inch to 
the tenth magnitude. With allowance for overlapping, these limits 
agree with the division-points of the run in the differences between 
the two scales. 


3. COMPARISON OF THE HARVARD VISUAL SCALE WITH 
THE EXTRA-FOCAL MEASURES OF KING 


The visual scale for the bright stars—practically that of the 
2-inch meridian photometer—can be checked by comparison with 
the photographic and photovisual magnitudes of King The 
conclusions assume the substantial accuracy of King’s scales, but 
there is reason to believe that this assumption is justified. It is 
based partly on the character of the method and the care with which 
it was applied, and partly on the good agreement of King’s photo- 
graphic magnitudes of the Polar Sequence with the international 
photographic scale. 

Consider first the color relations. The color-indices based on 
King’s photographic magnitudes (K Pg) and the visual magnitudes 
of the Revised Harvard Photometry (HR) which are given in Harvard 
Annals, 76, No.6, Table [X, appear in the second column of Table III 
below.2 The third column of the table gives the color-indices 
derived from his extra-focal photographic and photovisual measures, 
taken from ibid., 85, No. 3, Table VI. The differences between the 
two series, KPv—HR, are in the fourth column of Table III. 
Similar differences found by comparing the photovisual magnitudes 
directly with the HR magnitudes and thus based on somewhat differ- 
ent data are in the fifth column. These are from Table V (ibid.), 


t Harvard Annals, 76, No. 6; 85, No. 3. 

2 These magnitudes constitute Group 1 in Miss Leavitt’s memoir in Harvard Annals, 
71, No. 3. 

3 These are also given in ibid., 85, No. 3, Table VI. 
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after correction by —o.13 mag. to make the differences for Ao stars 
equal to zero. The means for the fourth and fifth columns of 
Table III are in the sixth column, and define the color equation of the 
Harvard visual magnitudes of bright stars relative to King’s photo- 
visual system. These mean differences are represented by 


KPv—HR=—0.05—0.09 C. (3) 


This relation is based on stars brighter than m=s5, and refers to 


TABLE III 


CoMPARISON OF CoLoR-INDICES 


Harv. Sp. |KPg—HR Pek, KPo—HR| Po—Ptim | Po—Vis aS. arn phil? 
Bo —o.29 | —o.23 | —0.06 | —o0.05 | —o0.06 | —o0.32 | —0.23 | —0.09 
Bite cs . 28 ae .rzr | + .06 .03 . 20 22 o7 
1 easel: 34 . 26 .0o8 | — .08 .08 . 26 20 06 
BAe hrert was 420 505 | 4- .02 ey) 2s .19 o4 
Sic asec ary .I0 OV |-— OF .04 ity rs | — 202 
BS ery — .12 .08 | — .04 .07 | — .05 | — .07 | — .08] + .or 
Ao .00 | — .02 | + .02 .00 | + .o1 . 00 .00 oo 
IND iia + .12 | + .13 |] — .or .06 | — .03 | + .07 | + .06 or 
A3.. .20 -18 | + .02 .05 oI et .10 Or 
PAS Feta . 20 25 | — .or | — .04 | — .02 .19 aad] 02 
BO vedere Bon 628) | =F) .08) | = 5.03 | t=) .00 . 38 235 .03 
1 esegese -45 -59 | — .14| — .09] — .12 .62 -50 | = 203 
Bei cs . 56 . 80 . 24 14 .19 a7 .78 | — .O1 
Go.. 70 0. 88 .18 15 aie 0. 86 0.85 | + .or 
Gases 0.98 pane) .18 21 19 sind ee. 02 
Gee ve T.12 1.28 . 16 16 16 1.48 1.43 05 
Kas... I.50 1.61 II .18 14 1.63 I.59 4 
ie 02 73 Sir . 16 apts) 1.84 D738 II 
M. +1.66 | +1.87 | —o.21 | —o.19 | —o.20 | +1.88 | +12.87 | +o.01 


a mean magnitude of approximately 3. Since the various spectral 
groups in Table III include stars of all magnitudes within the 
interval covered, (3) may be regarded as unaffected by differential 
errors in the magnitude scales. 

It is probably safe to assume that the color equation of King’s 
photovisual system relative to the Mount Wilson system is zero. 
The similarity in color value of photovisual magnitudes derived 
with different instruments and plates has been mentioned. In the 
present case, the same kind of plate and the same type of filter 
were employed at both observatories. The only difference is in the 
telescopes—the 8- and 11-inch Draper, and the 13-inch Boyden 
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refractors, as against the 60-inch reflector. Since the instruments 
used by King are intermediate in color sensibility to the reflector 
and the Mount Wilson Cooke refractor, which give identical 
photovisual results, it is unlikely that his measures will show any 
systematic deviation in color from the Mount Wilson series. 

The matter can be tested by comparing King’s color-indices in 
the third column of Table III (the smoothed values in the eighth 
column are used) with the Mount Wilson indices in the seventh 
column, for which, since the stars are bright, values corresponding 
to absolute magnitude zero are used. The differences in the two 
series given in the last column of the table are represented by 


Color-index, MW —King=-++0.05 C. (4) 


If it be assumed, as suggested above, that the two photovisual 
systems are identical in color value, relation (4) will then represent 
the color equation of King’s photographic system relative to the 
Mount Wilson system. As a matter of fact, the coefficient of (4) is 
very nearly that to be expected. In discussing’ the photographic 
magnitudes in Miss Leavitt’s memoir (H.A., 71, No. 3), the following 
color equations were found 


MW-— I=-+0.06 C ( 8-inch Draper telescope) 


MW —C=-+0.08 C (11-inch Draper telescope) (s) 


Further, King (zbid., 76, 116) finds that the color sensibility of all 
three of the telescopes used by him is practically the same. A mean 
coefficient of +0.07 is therefore probably near the truth, and this, 
within the limit of uncertainty, agrees with +0.05 given in (4). 

This seems to justify the conclusion that the color values of the 
two photovisual systems are the same; but it should be remarked 
that King’s measures are extra-focal, while the results under (5) 
depend on focalimages. The color value of such images may depend 
to some extent upon the aberrations of the objective, but the glass 
absorption is probably the more important factor. 

In spite of this uncertainty, the general argument as to the 
agreement of the photovisual system holds, so that the term 
—o.o9 C in (3) is probably a good approximation for the color equa- 

t Mt. Wilson Contr., No. 98; Astrophysical Journal, 41, 259, 1915. 
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tion of the Harvard visual measures of the bright stars. This result 
(for m=3) is in good agreement with what might be expected from 
an extrapolation of the smoothed values under (2). 

The relation between the magnitude scales can now be con- 
sidered. This is best done by transforming King’s photographic 
magnitudes into photovisual values with the aid of the color-indices 
for the various spectral types and comparing them with the HR 
magnitudes corrected for color equation. 

The photographic magnitudes were taken from King’s list in 
Harvard Annals, 76, 117, Table VIII, which contains 229 stars. 
Doubles and a few O stars, for which no color-indices are available, 
were rejected, thus leaving a total of 198 stars suitable for discussion. 
The difference, KPg—HR, was formed for each star, from which 
was derived KPg—RHR, where RHR indicates the HR magnitude 
reduced to the photovisual system by applying the appropriate 
correction from the sixth column of Table III. The remaining step 
involves the subtraction of the color-index KPg—KPv taken from 
the third column of this table. The result is KPv’—RHR.* No 
smoothing was employed, and the corrections from Table III were 
used as they stand, except that allowance was made for the depend- 
ence of color-index upon absolute magnitude. This variation in 
color is clearly shown by the differences KP¢—RHR for the late F’s 
and the G and K stars, in agreement with earlier results for these 
classes.2 The changes range from —o0.025 M for F8 to —0.044 M 
for types G5-Ko. 

Eight of the 198 corrected differences KPv’—RHR exceed 0.3 
mag.; seven of these are positive, which suggests, for some at least, 
an excess of color over the normal for the spectral type in question. 
Four differences exceeding 0.4 mag. are clearly abnormal and were 
rejected. The remaining values were grouped according to the HR 
magnitude and formed into means, with the results shown in 
Table IV. These represent the systematic difference between the 


t The notation Pv’ denotes photovisual magnitudes calculated from photographic 
values, as distinguished from those directly measured. 
2 Seares, Mt. Wilson Comm., No. 59; Proc. Nat. Acad. of Sciences, 5, 232, 1919. 
The variation for the A stars given in this Communication is probably illusory, and to 
be explained by a systematic error in the spectral classification whose existence was 
then unknown. The behavior of the B stars is still in doubt. 
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scale of the brighter stars of the Revised Harvard Photometry 
(essentially that of the 2-inch meridian photometer) and King’s 
photographic scale after correction for color. 

To about the fourth magnitude the scales are very accordant. 
Since 20 of the 25 differences included in the last two means are 
positive, the small systematic divergence at the end is probably real, 
although it is difficult to say which of the two scales isin error. The 
mean of the 194 differences without regard to sign is 0.085 mag. 
This represents the mean difference between the Pv’ and HR 
magnitudes of the same star, including all sources of error, and 
indicates a probable error of about -to.o5 mag. in the magnitudes. 
The zero-point of King’s magnitude depends upon an assumed 
photographic magnitude of 2.69 for Polaris. 

TABLE IV 


ScALE DIFFERENCE—KING PHOTOVISUAL (CALCULATED FROM KPg) AND Revised 
Harvard Photometry, REDUCED TO PHOTOVISUAL CoLOR SysTEM* 


HR Mag. KPv'—RHR| No. Stars HR Mag. KPv'—RHR| No. Stars 
GRO-Og Se ists crsietoiens +o0.006 |. 5 2 Om ASG eteca died —0o. 006 42 
OF SL. Omseteees os — 070 4 BESTA One ee coin — .004 22 
TO To Sister srenersicvs = .Orz 7 A OAR Ras ashi + .086 19 
MB =D. Ole wares averse -- .032 16 A RaROaealeaere © -++0.077 6 
2hO—2 shuieeaicas ccf) = +033 28 ——_—_——_———— 

BERS AEOlsbs a Gesie’s -++0. 002 45 DL Otabes nel cto aease 194 


* Zero-point for King corresponds to 2.69 as photographic magnitude for Polaris. 


There remains the comparison of King’s photovisual magnitudes 
with those of the #R—more direct, but less satisfactory than that 
just given, because of the smaller number of stars and the shorter 
interval of brightness covered. The eighth column of Table IV, 
Harvard Annals, 85, No. 3, gives directly the differences Pu—HR. 
Rejecting doubles, correcting for the color equation of HR as before, 
and grouping the differences according to HR magnitude, we find the 
means given in Table V. The differences show a slight tendency to 
increase with magnitude, but in the well-determined region the 
scales are practically parallel. 

The mean zero-point difference of +-o.12 mag. depends upon an 
assumed visual magnitude of 2.12 for Polaris. ‘The difference found 
by King, without correcting the HR for color equation, is +0.13. 
To bring the zero-point of his Pv magnitudes into agreement with 
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that of the HR, and thus obtain his “‘completed”’ magnitudes, he 
subtracts this difference and finds accordingly for Polaris a photo- 
visual magnitude of 1.99 and a color-index of 0.70. Part of this 
difference is accounted for by color equation. With allowance for 
this, the HR value for Polaris becomes 2.07. The Mount Wilson 
value is 2.08, so that the agreement seems to be very good. But 
another point remains still to be considered. 

The international zero-point for the stars at the Pole was deter- 
mined by the condition that the mean magnitude of the Ao stars be- 
tween m=5.5 and 6.5 should equal the Harvard value; but owing to 
the small number of stars this condition may not have been exactly 
satisfied. Here we are adopting the polar stars as standards, and 


TABLE V 


ScatE DIrFERENCE—KING PHOTOVISUAL AND Revised Harvard Photometry, 
ReEpDUCcED TO PHorovisuAL Cotor SystTEem* 


HR Mag. KPv—RHR No. HR Mag. KPv—RHR No. 
OlD=OUS' fen serene +0.07 4 2s GaSe Ontetaveitere s 70. IT 35 
0. 5-1.0. 09 4 2) Oma Ev ae laietsisns 19 12 
TLOmT AG s chr eere ae 12 4 Ph) sO selateisrerete =O. 13 I 
PE B2 Os on eacieles .I4 ne) 

CR omer PARA ere +o.11 20 Total arses ieee 93 


* Zero-point for King corresponds to 2.12 as photographic magnitude for Polaris. To obtain agree- 
ment with #, King has subtracted 0.13 from the magnitudes used here. His “completed” magnitudes 
attempting to find the relation of the Harvard magnitudes to this 
system. ‘The evidence indicates that for m< 4 the correction to the 
HR magnitudes is a constant. If we were to accept the Mount 
Wilson Pv magnitude of Polaris, 2.08, as exact, King’s photovisual 
measures, all of which are referred to Polaris, would indicate that 
the HR requires (for the bright stars) a zero-point correction of 
+o.08 mag. to reduce it to the photovisual system. On the other 
hand, King’s photographic measures combined with the inter- 
national photographic magnitude of Polaris (2.55 as against 2.69 
used by King) would lead to a zero-point correction of —o.14 mag. 
for the HR. These more or less hypothetical corrections include 
the full amount of the accidental errors in the magnitudes adopted 
for Polaris and any systematic divergence in King’s scales. The 
internal evidence and the small run in the differences in Table V 
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suggest that King’s measured differences in photovisual magnitudes 
are slightly too large. A reasonable allowance would reduce the 
zero-point correction of +0.08 mag. to zero. 

If it were certain that King’s photographic scale is accurate at 
the lower end, the corrections to the HR magnitudes of the bright 
stars could be found by using the condition that the corrected 
values of the last two differences in Table IV must agree with the 
initial values in Table II. The correction thus indicated would be 
—o.16 mag., which agrees well with —o.14 mag., based on King’s 
photographic measures and the international photographic magni- 
tude of Polaris. But as shown in section 5, King’s photographic 
magnitudes for the fainter stars observed by him deviate from the 
PD values in the same way that they dofrom the HR. The positive 
differences at the end of the series in Table IV perhaps indicate, 
therefore, a small divergence in his scale for m< 4. 

It is probably safer, therefore, to accept the mean of the correc- 
tions indicated by the magnitudes of Polaris, namely, —o.14 and 
0.00 mag., respectively. Although uncertain, a correction of —0.07 
mag. for m< 4.0 is consistent with results in Table II and is satis- 
factorily confirmed by the more reliable discussion in section 6. 


4. COMPARISON OF THE HARVARD VISUAL SCALE WITH 
THAT OF THE Potsdam Durchmusterung 

The complicated character of the relation between these scales is 
well known from the comparisons of Pickering, Miiller and Kempf, 
and Schwarzschild. Consider first the comparison of Miiller and 
Kempf, who have formed the mean differences for four color classes 
and each half-magnitude interval between the Potsdam Durch- 
musterung and Harvard Annals, 44 and 45. The latter catalogues 
deviate slightly from the Revised Harvard Photometry, but are easily 
reduced to the HR system by the corrections given in Harvard An- 
nals, 64, 117, 118, supplemented by the following color equivalents: 


Potsdam color class......... W GW WG Gh) (6) 
Mt. Wilson color-index....... t+o.02 +0.30 +1.04 +1.66f 


t Harvard Annals, 64, 119. 
2 Pub. des Astrophys. Observatoriums zu Potsdam, 17, xxxili, 1907. 
3 Gottingen Aktinometrie, B, p. 23, Table 20. 
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Harvard spectral 


group . B A F G K M (7) 
Mt. Wilson Pelee 
ING CX pee eens —0.26 0.00 +0.38 +0.83 +1.48 +1.88 


Those under (6) were found from the data in Table 25 of the 
Gottingen Aktinometrie, B, p. 29, combined with the following relation 
between the Mount Wilson and Géttingen color-indices: 


C=Jp+0. 29. (8) 


The values in (7) are the Mount Wilson colors for giant stars corre- 
sponding to the median spectral types of the various groups.” 


TABLE VI 
MEAN DirrerENcES, PD—HR 


PorspAmM CoLor CLASS Rez Cotor Ea. | pp_ ye 

SO man an Tom te een er) es 
Mev. HR Eo. | wr | pp |Corr.| PD | HR |Tasre Dir. 

Mas. w |Gwiwe|«c C+) AG" 1 7a |zore iat 
BGT E a Maine aig +o. ae +0 .24 He.38 15|-+0.09]-+0. —0,08]-+0.02|-++o. a =O 201) 5O700| (02 ais lacie one 
Ty a ane 23 -14 08 ; 09 OI <20| = sOL lair aiseilueeitere 
Bighocerecias vi .22 12 107 1 .09 .02 — "26 Roy Pemeaecnal te 5) 5 
BTS Oe Ke nigra o's +24 at fi .06 nae .10 .OL =24 -26 .02]—0.08] —0.06 
BOS es vanxess -24 -20 .10 -O4 -t2 -10 .02 -24 .26 .02 .08 .06 
PP CR ere +25 .20 ore) -02 .14 -10 -O4 +24 -26}— .02 .06 .O4 
Gs sans .26 +21 .08/-+ .o1 .16 By .05 -20 -25|-+ .o1 +05 .06 
Pe Pee .28 -23 .08]— .02 .18 sx2 .06]4 .28 +23 .05|— .03 .08 
ee foe ee +30 24 .06 .02 .20 +12 .08 +30 -22 .08 .00 .08 
he ee ear 32 .27 .09 .02 -21 -13 .08 -32 .20 .12|+ .04 .08 
ye) eee ae is a7 .08 a oe a “0 os. = ee .08 .06 
Py Gick Cees Iter 08 aud -05 
Skagit s fe), ae oe +o. o7|—o. OE oo ae oF they, i Beet ee —o. a6 +o. a +0.16]—0.03 
one 3 2091) OBO! WE OA SW OG Neer, scl acn soll erpraasarl tacos arr il eters manos Mean|—o0.06 


The reduction to the HR system thus outlined leads finally to the 
mean differences given in the first five columns of Table VI. Within 
the magnitude interval for which a comparison is possible, the results 
are in almost exact agreement with those found by Pickering. The 
differences include both relative scale error and color equation. The 
coefficients for the color equations appear in the sixth column of the 
table. ‘These were found graphically by plotting the differences in 
each line of the four columns immediately preceding against the 
values of C given at the bottom of the table. 

The color equation of the HR relative to the photovisual system 


* Mt. Wilson Contr., No. 287, Table I; Astrophysical Journal, 61, 114, 1925. 
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has already been found, and is given under (2). The values corre- 
sponding to the magnitudes listed in the first column of Table VI 
appear in the seventh column. Combining these with the data in 
the sixth column, we find the values of the color equation of the 
PD referred to the photovisual system given in the eighth column 
of Table VI. For the bright stars the correction is sensibly zero 
and increases slowly to about +o.10C atm=8. The HR and PD 
systems therefore deviate from the photovisual systems in opposite 
directions, and the combination of the two equations, differing in 
sign, is responsible for the large relative equation shown in the sixth 
column of the table. 

The differences in the second to the fifth columns of Table VI, 
corrected for relative color equation as given in the sixth column, 
give the mean differences in the ninth column. ‘These represent 
the scale divergence of the two systems in the sense PD—HR. The 
scales are sensibly parallel to about m=5; thereafter the difference 
is represented by 


PD—HR=~+0.25+0.03 (HR—5.0). (9) 


The remaining columns of Table VI are considered in section 6. 

A characteristic feature of the comparisons between the HR and 
PD systems made by Pickering and by Miiller and Kempf is the 
dependence of color equation upon magnitude. In one case the 
magnitudes were grouped according to Harvard spectra taken from 
the original Draper Catalogue, in the other, according to Potsdam 
color estimates. As already mentioned, the results are sensibly 
identical. In contrast to these are the two comparisons by Schwarz- 
schild,’ one, based on a grouping according to the spectral types of 
Miss Cannon in Harvard Annals, 56, No. 4, the other depending on 
the Gottingen color-indices. His formulae are, respectively: 


PD—HR=-+0.45+0.046 (HR—6.5) —o0.14 Sp (Sch. 5) 
PD—HR=-+0.52+0.086 (HR—6.5) —o.13 Sp (Sch. 11) 


where SP indicates the spectral type, as defined on page 19 of the 
Aktinometrie. 
Here, as Schwarzschild notes, the color terms do not involve the 
! Gottingen Aktinometrie, B, eq. 5, p. 26, and eq. 11, p. 2 5s 
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magnitude. His suggested explanation is that the Draper Catalogue 
spectra and the Potsdam color estimates are affected by systematic 
errors. Whether this is the case or not would be immaterial were 
the various formulae always used in connection with the data upon 
which they are based, but it does raise some question as to the 
reduction in Table VI, for which color-indices have been used on the 
assumption that the same value of the index always corresponds to 
a given color estimate. 

For comparison with the earlier results of this section, Schwarz- 
schild’s formulae may be expressed in terms of the standard color- 
index with the aid of equation (4) of the Aktinomeitrie, 


J,=G—P=—1.03—0.09 (PD—6.5)+0.63 Sp (10) 
combined with (8) above, from which 
Sp=1.59 C +1.18+0.143 (PD—6.5). (zz) 


This formula does not refer to the general catalogue of the PD, 
but to one of the earlier volumes; and the final expression for Sp 
in terms of C requires the substitution of equation (9) of the Aktino- 
metrie. ‘This gives 


Sp=1.59 C +0.140 PD +o. 264, (12) 

whence Schwarzschild’s comparison formulae become 
PD—HR=-+0.27+0.025 (HR—6.5)—0.22C (13) 
PD—HR=-+0.36+0.067 (HR—6.5)—0.20C. (14) 


The magnitude intervals covered are about 4.5 to 7.5 and 5.0 to 
8+, respectively, while the mean magnitudes are 5.6 and 7.0. The 
relative color equations corresponding to these means, given in the 
sixth column of Table VI, are 0.18 C and 0.21 C, respectively, which 
are in satisfactory agreement with the color terms in (13) and (14). 

The scale differences expressed by the first two terms of (13) and 
(14) are discordant, but that corresponding to (13), which is directly 
comparable with (9), reproduces the differences in the ninth column 
of Table VI, for the interval in question, within the uncertainty of 
the comparison. The outstanding difference is in the zero-point and 
amounts to only 0.03 mag. As far as scale difference is concerned, 
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Schwarzschild’s comparison based on Miss Cannon’s spectra in 
Harvard Annals, 56, No. 4, is therefore in agreement with the results 
of Pickering and Miiller and Kempf. The larger divergence which 
appears when the data are grouped according to Gottingen color- 
indices and the apparent constancy of the color equation shown by 
both Schwarzschild’s comparisons remain obscure. 


5. COMPARISON OF KING’S EXTRA-FOCAL MEASURES WITH 
THE Potsdam Durchmusterung 


Some further light is thrown on the relation of scales and color 
equations by comparing King’s magnitudes with the visual magni- 
tudes of the PD. Because of their greater number, the photo- 
graphic series was used, after reduction to the photovisual system by 
the color-indices in the third column of Table III. The differences 
KPv' —PD for the 115 stars common to the two lists were grouped 
according to spectral type and plotted. ‘The stars are all brighter 
than the fifth magnitude, and most of them fall between m= 2.0 and 
4.5. Within this interval the differences are well represented by 


KPv'—PD=-—0.14+0.04 (PD—6). (15) 


The systematic deviations from this formula for the different 
spectral types are only o.o1 or 0.02 mag. To m=4.5 or 5.0, there- 
fore, the color equation of the PD magnitudes relative to the 
photovisual system is sensibly zero. ‘This confirms the very small 
values of the color coefficient for the PD system shown in the upper 
part of the eighth column of Table VI. 

As for scale difference, the coefficient of 0.04 in (15) does not 
accurately represent the relations. If the stars fainter than m=3.0 
be disregarded, the differences can be represented satisfactorily by a 
constant. Except for a zero-point correction, the scale divergence 
is therefore very similar to that shown by the differences K Pv’ — 
RHRinTableIV. And this, indeed, is to be expected, for the mean 
differences given in the ninth column of Table VI show that to the 
fifth magnitude the Harvard and Potsdam scales are sensibly 
parallel. This suggests that the small scale-divergence shown by 
the last two differences in Table IV is in King’s scale rather than in 
that of the HR. 
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6. COMPARISON OF THE POTSDAM MAGNITUDES OF THE 
POLAR SEQUENCE STARS WITH THE MOUNT WILSON 
PHOTOVISUAL VALUES 


The number of stars available for this comparison is only twelve, 
but their magnitudes are well determined and cover the critical 
interval from m= 4.7 to 7.7 in such a way as to give, in connection 
with the PD and HR comparison, a fairly reliable indication as to 
the characteristics of the Harvard scale in this region. Because of 
the importance of the comparison, the details are shown (Table VII). 


TABLE VII 


PotarR SEQUENCE STARS—PoTspAM AND Mount WILSON 


Star MW Pv C PD Vis. Py—PD O-C 
CSoee oee 2.08 +0. 49 2.31 —0, 23 0.00 
san ioc Aeaiy 0.01 4.69 w32 —=17,00 
Theo rere wel 5.09 +1.57 5.18 .09 + .05 
7 i, See 5.28 —o.II B37 09 (+.17) 
Ta cari oeteye 5.56 +o. 18 5.82 . 26 209 
A Sod greet ole 5.84 0.14 6.10 . 26 — 7 04 
AS aa wore Be 6.30 0.18 6.50 20 + .OL 
7 dt Ae 6.32 Tae 6.47 I5 —=7 Od 
Coe lar, aee 6.35 ©. 26 6.48 13 + .07 
Bea cise 6.45 0.02 6.70 25 —,.04 
Ors qa opr 7.06 +o. 06 TRS .22 Os 
Porn aks —o. 16 7.70 —0.15 +o. 04 


The uncorrected differences in the fifth column are represented by 
the formula 


Pv—PD=-—o0.26+0.03 (PD—5.0) +0.07 C, (16) 


in which the second term is to be disregarded for stars brighter than 
5.0. The residuals in the last column of Table VII show only one 
discordant value. The mean magnitude of the stars is about six. 
The color equation of +0.07 C is therefore in agreement with the 
results given in the eighth column of Table VI. 

The ninth column of Table VI gives the values of PD—HR, 
reduced to the photovisual system of color. If now the PD scale 
correction defined by the first two terms of (16) be applied to these 
differences, the result will be the scale differences Pu-HR. These 
are given in the eleventh column of Table VI. Because of the 
indirect nature of the comparison and the small number of polar 
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stars, the zero-point may require correction; but the character- 
istics of the HR scale in the critical region between m=4 and 7 
should be reasonably well defined. For comparison, the results from 
Table II, found by a direct comparison of magnitudes of Polar 
Sequence stars, are given in the twelfth column of Table VI. The 
differences in the last column indicate a mean zero-point correction 
of —o.06 mag. for stars involved in the comparison of Table VIT; 
but what is important is the fact that these differences are sensibly 
constant. This shows that the relative values of the corrections to 
the HR scale found by the two methods are sensibly the same and 
that the initial values of the correction to the Harvard scale given in 
Table II are therefore probably near the truth. Further, since the 
HR and Pv scales for m< 4.0 seem to be parallel, the constant correc- 
tion required to reduce these stars to the photovisual system may be 
taken as —0.08 mag. This agrees well with the rather uncertain 
result found in section 3, and is the value given in the note to 
Table IT. 


Mount WILSON OBSERVATORY 
October 1924 
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REDUCTION OF THE HARVARD-GRONINGEN DURCH- 
MUSTERUNG TO THE INTERNATIONAL SYSTEM 
OF MAGNITUDE AND COLOR 


By FREDERICK H. SEARES, MARY C. JOYNER, anp 
MYRTLE L. RICHMOND 


ABSTRACT 


The data—The Durchmusterung in HA, 101, 102, 103, gives the brightness of 
stars in Selected Areas 1-206, to a limiting magnitude of about 16.0. Many of these 
appear in the Mount Wilson Catalogue of Selected Areas, which includes Areas 1-139. 
It is shown that the Catalogue is on the international photographic scale. The Durch- 
musterung can therefore be reduced to the latter scale by direct comparison of magni- 
tudes for stars observed in common, 

Color equation and scale correction for bright stars —The Durchmusterung magnitudes 
for the northern hemisphere, measured with the Metcalf 16-inch telescope, are affected 
by a large color equation. This was determined from the central stars of the areas, 
whose color-indices are known. The complete reduction thus found from eighty stars 
for the Metcalf telescope before the objective was reground is 


MW—DM=+0.06 (DM—6)+0.21 C (m=Zro). (9) 


The scale-divergence is the same as that of HA, 71, No. 3, as it should be. 

Scale and color correction for faint stars—Corrections for each area, for scale and 
color combined, were derived from the stars common to the two catalogues (Table III). 
With allowance for color equation based on the mean color-index of stars of different 
magnitudes, it is found that to m=13 the scale correction of the DM is the same as 
that of HA, 71, No. 3 (Table IV), but for fainter stars there is an appreciable divergence. 
The fluctuations in the corrections from area to area are large, and obscure the system- 
atic difference for stars of high and low galactic latitude, which depends on the fact that 
the former are redder than the latter. For statistical purposes the separate areas 
should be reduced to the international system with the aid of Table IIT. 

The following discussion relates to the stars of the Harvard- 
Groningen Durchmusterung of the Selected Areas* included in the 
139 regions on and north of declination —15°. The fields meas- 
ured were 40’ X40’, 60’X60’, or 80’ X80’, according to galactic 
latitude. The Durchmusterung includes the stars in these fields 
to a limiting photographic magnitude of about 16.0. 

These data form an important contribution to the study of stellar 
distribution, but, as they stand, cannot be combined with other re- 
sults, since they are referred to the scale of Harvard Annals, 71, 


No. 3, which deviates appreciably from the international scale. 
t Harvard Annals, 101, 1918; 102, 103, 1924. 
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Moreover, there is a difficulty in that about half of the photographs 
were made with the 16-inch Metcalf telescope, which is known to 
have a large color equation relative to most other instruments.” 
Referred to the international system,” the color equation is 20 or 25 
per cent of the color-index; and since the mean color of the stars, 
grouped according to photographic magnitude for all galactic 
latitudes together, is represented by the linear relation’ 


Cpy=—0.18+0.071mM,, (1) 


it follows that the effect of the color equation on star counts will be 
considerable and will enter as an additional disturbance of scale, 
which for the faint stars is of considerable importance. The 
remaining photographs for the Durchmusterung were made with 
the Bruce telescope whose color equation is still to be investigated. 

The simplest method of determining the total systematic devia- 
tion from the international scale is to compare the magnitudes of the 
Durchmusterung with those of the Mount Wilson Catalogue of the 
Selected Areas4 The latter catalogue gives the photographic 
magnitudes, on the international scale, of all the stars in fields 23’ in 
diameter, centered on the central stars of Areas 1-139. 

For stars fainter than the tenth or.eleventh magnitude, the 
data are sufficient for a comparison of scales in individual areas. 
For the brighter objects, including chiefly the central stars, only the 
mean scale-divergence can be determined. As a matter of fact, the 
discussion can be carried somewhat farther, for the visual magni- 
tudes of the central stars were measured by Professor Pickering 
with the 4-inch and 12-inch meridian photometers. Combined with 
the photographic magnitudes, these results give the colors of the 
individual stars, and hence permit a good determination of the color 
equation of the Metcalf telescope. With the aid of (1), the expres- 

*See Table Il, Mt. Wilson Contr., No. 98; Astrophysical Journal, 41, 259, 1915. 
In this tabulation MC indicates the Metcalf telescope. 

2 As defined by the adopted photographic magnitudes of stars near the Pole given 
in Trans. Internat. Astron. Union, 1, 69, 1922. 

3 Mt. Wilson Contr., No. 287; Astrophysical Journal, 61, 114, 1925. 

4 For an account of this catalogue, which is complete but not yet in print, see 


P. J. van Rhijn, Third Report on the Progress of the Plan of Selected Areas, Groningen, 
1923; particularly, the Second Appendix, by F. H. Seares. 
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sion for mean color, it then becomes possible to separate the influ- 
ence of color equation from the true scale-divergence and thus 
obtain a comparison of the scales of the Durchmusterung and 
Harvard Annals, '71, No. 3, which are supposed to be identical. 
Because of the manner in which they were derived,’ the magni- 
tudes of the Durchmusterung are necessarily approximate; but, as 
far as probable error goes, they are of ample precision for statistical 
purposes. Nevertheless, their approximate character is disadvan- 
tageous for the determination of the color equation, and the uncer- 
tainty is increased by the fact that this calculation is based on stars 
brighter than the tenth magnitude, for which the photographic 
magnitudes, whether Harvard, Groningen, or Mount Wilson values, 
are much less reliable than those of the fainter stars. The large 
differences affecting many of the stars are therefore not unexpected. 


I, AGREEMENT OF THE MOUNT WILSON Catalogue of 
Selected Areas WITH THE INTERNATIONAL SCALE 


Since the reduction of the Durchmusterung to the international 
scale depends upon its relation to the Mount Wilson Catalogue, it 
is important to show that this catalogue is really in agreement with 
the international system. Such agreement is to be expected, since 
the scale for the Catalogue was established in each area independ- 
ently by the methods used in deriving the Mount Wilson magni- 
tudes at the Pole,? which are known to be on the international scale. 
The matter can be tested by means of the polar comparison photo- 
graphs which were used to determine the zero-points of the scales 
in the individual areas. Thirty-seven of the fields, uniformly 
distributed over the northern heavens, were directly connected with 
the Pole by duplicate plates. These have been used to transfer the 
scale of the polar stars to the areas themselves for comparison with 
the scales adopted for the Catalogue. The magnitude interval thus 
covered is less than that of the Catalogue, because the comparison 
exposures were short, but sufficient for the present purpose. The 


t Harvard Annals, 101, ix, 1918. 
2 Mt. Wilson Contr., No. 97; Astrophysical Journal, 41, 206, 1915. 


3 Trans. Internat. Astron. Union, 1, 69, 1922. 
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mean result of this comparison for the thirty-seven fields is as 
follows: 


Med, mac... <--> TO.5 2255 (T2u5- 938.5 © lal Ss) 5-5 eee 
Int. Sc-—MW Cat.+o0.09 —0.05 —0.01 +0.01 0.00 0.00 +0.05 
INO IER cnicins estar, £0, 75 181 381 519 401 70 


With the exception of the first difference, for which the images on 
the comparison photographs are too large for reliable measurement, 
the corrections to the Catalogue necessary for reduction to the inter- 
national system are negligible. This applies to zero-point as well 
as to scale errors. 


2. COLOR EQUATION AND SCALE ERROR FOR THE BRIGHT 
STARS OF THE Durchmusterung 


Forty of the 139 areas were photographed with the Bruce 
telescope; sixteen others were photographed with the Metcalf 
instrument after the regrinding of the objective. For the central 
stars of two others (Nos. 42, 48) there are no Mount Wilson magni- 
tudes, while for a third (No. 30), the central star was measured as 
a double at Mount Wilson and a single star at Groningen. This 
leaves a total of eighty regions for the determination of the color 
equation of the Metcalf telescope and the scale error for the bright 
stars. Central stars in 39 of the areas photographed with the 
Bruce telescope (that in No. 126 was not measured at Mount 
Wilson) are also available for the discussion of the color equation, 
but these lead to no definite result. The magnitudes of about half 
of these stars are Harvard standards, supplied by Professor Pick- 
ering apparently on the basis of measures with the Metcalf tele- 
scope, while the others must also be influenced by the color equa- 
tion affecting the standards. 

The data for the central stars observed with the Metcalf objec- 
tive in its original state are listed in Table I, the first four columns 
of which give in succession the number of the area, the Mount 
Wilson photographic magnitude, and the Harvard photographic 
and visual magnitudes taken from Harvard Annals, 101, xlviii; 
102, vi. The sixth column gives the value of the color-index 
C,=MWPg—HV, and the eighth column, the difference between 
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TABLE I 
CENTRAL STARS—METCALF TELESCOPE, ORIGINAL OBJECTIVE 


MWPsg—- 

S.A MWPs | HPs HV Ve Ci Cc ree 
1 Sen CR OTOE fees Viaiie 7.01 7.07 0.22 0.19 |+0.12 
Bin eaninliss a a orerel Bas 8.64 8.62 8.84 |—o.1r |—0.38 |— .13 
Ter chs cutee OO 9.94. 9.37 8.41 8.60 Tess 1.55. (tee 
ence eae SIC 9.35 9.16 8.60 8.82 0.75 0.61 .I9 
Ope anria aaa Sos 10.49 10.10 8.91 Quis £55 1.55 -39 
Bata s aS are ATs 8.84 8.18 8.11 8.27 One 0.66 . 66 
BO mete cre Norse eh 0s 8.89 8.76 8.59 8.81 0.30 0.09 pie 
TVs rece. si ecsieassi a sis. s 8.30 TOs 7.14 i aoa I.16 1.26 »37 
WD dyno ones, asi asers 6 8.64 8.48 8.17 8.33 0.47 0.36 |-- .16 
Ua avetels'e: fs\eo.a.e« TOG 8.05 aay, 7.25 0.66 0.07) |—8.22 
5 0 bis Sa CPP I0.50 10.14 9.22 9.48 Teo r.z8 |+- .36 
DS Peters gisia veces ss 9.98 9.55 8.35 8.53 nay OE} 1.68 -43 
Gea wyetsere sissies 9.16 8.69 7.92 8.06 I.24 1.28 -47 
TD feasiists sieis ois 9.05 8.44 (Gh 7.61 I.54 1.67 61 
C1 e85 ST OW aera 8.97 8.63 8.66 8.89 6:31 0.09 -34 
CORA cacy Oca ROO 10.03 9.50 8.53 8.74 50 I.50 ale: 
Oily shite eusiel sa 8 8.83 7.86 ToS 7.62 Toe I.40 .97 
BA aaliis raisers tv 0% 10.28 9.81 8.92 9.16 t.36 T2320 AT 
at AR ee ee 9.29 9.17 8.97 Q.22 Ona2 0.08 <2 
AS Sricy cit SEO IOS 10.47 10.15 9.35 9.61 The I.00 Se: 
emt peietstaieys a8 = 10.40 9.82 g.00 9.25 I.40 T1383 .58 
EO Meeetagnoks: sy steva ane I0.59 9.93 9.06 Q.2I T. 53 1.60 .66 
AOS Oy ACTOS 8.78 8.60 8.28 8.46 0.50 O37 .18 
SitsAens oqahtloearra 9.49 Q.24 S72 8.95 0.77 0.63 -25 
Romer arsiiriets 6 9.71 9-35 8.89 9.13 0.82 0.67 |-+ .36 
etc 3 3 AID OOOO 9.40 Q.42 Qg.02 9.27 0.38 0.15 |—0.02 
Baeeaatereiesai sere 9.63 8.37 7.86 7.99 Dey I.90 |+1.26 
Cae arstarens syeass a. 10.85 9.63 8.91 9.15 I.94 1.97 Eos 
So GUme ai iersaret = 9.34 9.00 8.75 8.98 0.59 0.42 0.34 
BY besene caus tere 10.58 9-71 9.20 9.46 1.38 I.30 .87 
$B eters tetaits jogs forts Our 9.30 8.24 8.41 1.47 I.51 -41 
SG) serait Fale storetss 9.16 9.02 8.06 Sear I.10 I.10 od. 
AS et ere STO 9.84 9-53 8.66 8.88 1.18 Pell 1o8 
FS hb ORL LS 10.06 9.84 9.31 9-57 0.75 0.57 22 
Asem cease 07s oa I0.10 O75 8.25 8.42 1.85 1.95 335 
7s es ee ROTOR 8.96 8.78 8.70 8.93 0.26 0.03 .18 
HRs! ANC OOOT FO 9.00 8.86 8.18 8.36 0.82 0.74 tA. 
PROS aiate tacts aka ors 9.51 9.19 8.36 8.53 Rests Terr \4 9532 
AO Stetde charsie Oise e 9.90 9.93 Sart 8.94 I.19 I.IrI |— .03 
BO Mobic akoxahe scei'olcs 8.55 8.09 8.04 8.19 0.51 0.42 |-+ .46 
li atatesenadittaccta,o%e 10.71 10.05 9.56 9.82 ing a4 I.03 .66 
Oe is © bie CCE 8.53 O235 8.08 8.24 0.45 0.34 .18 
IB icetan Grete fete ae 10. 23 9-53 9.26 9.52 0.07 0.82 .70 
[enor AOI ne 10.08 9-47 8.68 8.91 I.40 1.36 .61 
Ose he Seer Aeoor 10.13 9.53 8.23 8.40 I.90 2.01 .60 
IS eco EOE Ie Q.OI 8.83 8.53 8.73 0.48 0.32 .18 
eS re ConA uoeie 9.72 9-35 7.68 7.80 2.04 2228 “37, 
BQ etaeccre teicher 9.42 9.34 Q.O1 9.26 O.41 0.19 .08 
Giese sreiereiehe teeter « 9.50 9.30 8.57 8.78 0.93 0.84 .20 
Ore mie ce ercins ets 9.56 9.06 8.04 9.19 0.62 0.43 0.50 
A oF SRS RACE 8.36 7220 7.05 Wee Tom I.44 I.16 
Ga Reece testes 9.61 8.90 9.14 9.40 0.47 0.24 |-+-0.71 
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TABLE I—Continued 


S.A MwPs | HPg HV Ve C: c | Mars 
OA cee tira nie emis 8.31 8.12 7.62 PAGES 0.69 0.67 |4-0.10 
OStresocecce~ as 9.45 g.04 8.88 Q.12 0.57 0.38 -41 
OBOredaac cc cee 10.10 9.68 9.04 9.29 1.06 0.94 -42 
GW RE aera ace ne 9.67 8.98 8.20 8.37 TA Tose .69 
OS eaemiacreennes 9.08 8.13 Seo7, 8.45 0.81 0.73 -95 
GOte a aatos cate 8.14 TO's 7.39 7.49 0.75 0.75 a7, 
AOS ainrcearserastaees 8.20 7.63 7.90 8.04 0.30 0.19 ayy 
Pile ratte creat ee 9.74 9.36 8.65 8.87 I.09 I.O1 38 
TD rare area ear ee 6.89 6.82 6.22 6.24 0.67 0.75 .O7 
HOGS eo 8.34 7.94 8.14 8.30 0,20 0.04 -40 
PAN pe Rinie st ores 8.89 8.86 9.13 On3or |= O724 O85 7, 703) 
IT e srslferensterecaliscale 9.62 9.37 8.48 8.68 ena: I.09 mas 
WORE sialon ieee 9.57 9.09 9.03 9.28 0.54 nome) -48 
Fh (sO COI RIE 8.66 8.57 8.19 8.36 0.47 Ong5 +09 
WS chiaisioka ere ale cic 9.58 9-43 8.40 8.59 1.18 Duly Bey 
Gerke ec. atcudte teas 9.60 9.09 8.37 8.56 I.23 Teom Ao 
Oot ai steerer 8.53 8.35 8.21 8.38 oh Ee OuL7. cats) 
Sa ee ite deer een. 10.29 9.81 9.14 9.40 Tors 1.03 .48 
BB Ue Noieiatatvetee oe 9.74 90.44 8.26 8.44 1.48 nese -30 
Bare a sicsiee mw eecas 9.25 9.21 8.58 8.80 0.67 0.52 .O4 
SA eee ar chee 8.82 8.65 8.52 3.72 0.30 0.12 Py, 
BE eee erat os 9.37 8.82 8.28 8.46 1.09 1.06 Assis 
okey ae Sarena 10.49 9.69 9.18 90.44 th yeyit ieee .80 
SUIS a aaerons a4 9.66 Q.O1 8.05 8.20 ul sfomt I.69 .65 
SON ctevcteti sc octe 8.82 8.16 8.66 8.88 ©.20) ||—0; 07 .66 
BO seuss sts 8.70 8.22 8.11 S527 0.59 Opel Ving oztlss 
OOAe cee hn aeeiose 9.04 Q.12 9.03 8.27 0,01 |—0,28 |— .08 
TOO twide pias eerie ais 9.27 9.06 8.49 8.69 0.78 0.67 |+0.21 


the Mount Wilson and Harvard photographic magnitudes. These 
differences include the influence of scale error, color equation, and 
the large accidental errors to which reference has been made. The 
fifth and seventh columns require more detailed explanation. 

A reference to the sixteenth column of Table I of the Report of 
the Commission on Stellar Photometry’ shows the existence of an 
appreciable difference between the Harvard visual and Mount 
Wilson photovisual scales and color systems. The matter is dis- 
cussed in detail in Contribution No. 288, and there can be little doubt 
that the Harvard magnitudes require corrections for scale and 
color of the order of those given in Table IT and under (2) in that 
paper. The scale correction has its maximum value between the 
ninth and tenth magnitudes, in the region where measures made with 
the 12-inch meridian photometer overlap those made with the 4-inch 

* Trans. Internat. Astron. Union, 1, 71, 1922. 
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photometer. The color equation seems to increase with the magni- 
tude. 

For the present purpose, however, which is that of freeing the 
color-indices of the central stars of the Selected Areas from system- 
atic errors, a constant mean value of the color equation is ample, 
and the formula for reduction to the photovisual system may be 


written 
Pv=HV+Table II, Contr. 288—0.139 C, (2) 


in which C is the color-index on the international system. 

It is not certain that (2) is strictly applicable to the Harvard 
magnitudes in Table I. Whether this is the case or not probably 
depends on the manner in which measures with the two meridian 
photometers have been combined, and possibly on other factors as 
well. On this account, a double reduction has been made, using 
both the corrected and uncorrected values of the Harvard visual 
magnitudes. 

For the actual discussion it is the corrected color-indices and not 
the visual magnitudes themselves that are required. The index 
Ci, corresponding to the uncorrected magnitudes, has already been 
found. The values of C, based on the corrected visual magnitudes, 
were derived as follows: The values of HV corrected for scale error 
are given in the fifth column of Table I under the heading V,.7 
Introducing V, into (2), we have 


Pv=V,—0.139C. (3) 
Further, for data on the international system, 
Pg—Pv=C, (4) 
whence 
C=1.16 (Pg—V,) . (5) 


The values of C in the seventh column of Table I were calculated 
with this formula, using for Pg the Mount Wilson value, MW Pg, 
given in the second column of the table. 
The relation between the differences MWPg—HPg=n, given 
in the last column of Table I, and the coefficients of the scale and 
t As a matter of fact, the scale corrections actually used were provisional values, 


differing in some cases by 0.02 or 0.03 mag. from those in Table IL of Contribution 
No. 287. The differences are of no consequence for the present discussion. 
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color corrections to the Pg scale of the Durchmusterung can be 
expressed in the form 


atym+sC=n. (6) 


The three unknowns, x, y, 3, cannot be determined simul- 
taneously, however, because of an inherent uncertainty in the solu- 
tion. A preliminary examination showed that the scale coefficient 
y is very nearly 0.06, in agreement with the known error of the scale 
of Harvard Annals, 71, No. 3. Since the range in m is not great, it 
is convenient to adopt this provisional value of y and reduce all the 
differences n to m=g. Equation 6 accordingly becomes 


x+sC=n—0.06 (m—9), (7) 


where «x is now the difference between the two scales at the ninth 
magnitude, corrected for color equation. 

For the application of (7) the data for the eighty stars were com- 
bined into twelve groups, arranged according to HPg and C (or Cy). 
The corrections arising from the last term in (7) do not exceed 0.05 
or 0.06 mag., so that any error in the assumed value of y is un- 
important. 

Least-squares solutions for x and z thus gave 


HV Uncorrected HV Corrected 
x=+0.154 “= -+0.199 (8) 
Z=+0.243 g=+o.211 


These results are a sufficient indication of the influence on the 
reduction of the difference between the Harvard visual and the 
Mount Wilson photovisual scales. For the further calculation 
the corrected HV series is used as the more probable of the two. 

To investigate the coefficient y, which measures the scale- 
divergence, the original differences in the last column of Table I were 
corrected for color equation by subtracting from each the quantity 
0.211 C, and then grouped according to Harvard photographic 
magnitude. ‘The means for four groups are shown in the first two 
and the last two lines of Table II (first and second columns). 
Seven discordant differences were excluded (Areas 8, 23, 62, 68, 70, 
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and 88) from the first group, and that for Area 63 from the second. 
For the first group in particular, the discordant differences are so 
large that there can be no question of their abnormality, which 
doubtless arises from the brightness of the stars. The results in 
parentheses in Table IT are from (8), in which x is the scale differ- 
ence at the ninth magnitude derived from all the stars. 


TABLE II 
SCALE-DIVERGENCE OF Durchmusterung FOR BRIGHT 
STARS 

Mean HPg MW —HA ior No. Stars O-C 
AO onateny avenetars +o.10 I4 —0.02 
Bin Atsma sae ahe I5 13 _ 
(@xeleN oA Gooeae ( .20) (80) (+ .02) 
(Ce Re ANS or2 26 — .07 
Qe] Oe nieserse +o. 24 20 +o.o1 


The representation of the differences in the second column of 
Table II by the term +0.06 (HPg—6) is shown in the last column 
of the table. The residuals are satisfactorily small and show that 
the magnitudes of the bright stars of the Durchmusterung, after 
correction for color equation, are really in agreement with the scale 
of Harvard Annals, 71, No. 3. This follows from the fact that the 
divergence of the latter from the Mount Wilson photographic scale 
for m<1o was shown in Coniribution No. 98 to have the form 
+o0.061 (HPg—6). Since the Mount Wilson results are on the inter- 
national system, the complete reduction to this system of the bright 
stars in the areas of the Durchmusterung photographed with the 
Metcalf telescope before regrinding is therefore 


+o0.06 (DM—6)+0.21 C, (9) 


which applies for m= 1o. 

Strictly speaking, a knowledge of this correction is not in itself of 
much importance because of the small number of stars to which it 
is applicable. The value of the discussion is in the information it 
gives as to the scale of the Durchmusterung and the color equation 


t Astrophysical Journal, 41, 259, 1915. 
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of the instrument. The latter, it should be repeated, refers to 
data obtained before the objective was reground. 

An attempt has been made to determine the effect of regrinding 
upon the color equation by discussing the sixteen areas photo- 
graphed after this had been done. The color coefficient is perhaps 
a little smaller than was previously the case, but the result is very 
uncertain. The main conclusion is that the scale difference for these 
particular areas is about 0.2 mag. greater than that found above, 
an irregularity not easily explained. 


3. CORRECTION FOR THE FAINT STARS OF THE 
Durchmusterung 


As already mentioned, the faint stars are numerous enough to 
permit a direct comparison of scales for each area. Since the colors 
of individual stars are unknown, color equation cannot be allowed 
for, and what is obtained is the mean difference between the Durch- 
musterung scale, affected by color equation, and the international 
photographic scale. The corrections thus obtained will answer for 
a statistical treatment of the data; but used for individual stars, 
they may give results considerably in error. 

The results for each of Areas 1-139 are in Table III, which gives 
the corrections, in hundredths of a magnitude, for the statistical 
reduction of the Durchmusterung values to the international system. 
An asterisk following the number of an area in the first column 
indicates regions photographed with the Metcalf telescope after 
regrinding; a dagger, those photographed with the Bruce telescope. 
All other areas were observed with the original objective of the 
Metcalf telescope. The arguments at the heads of the columns are 
Durchmusterung magnitudes. The numbers of stars given in the 
last column are the totals used in deriving the corrections. In rich 
regions these do not always represent the totals common to the two 
catalogues, although available data have not been omitted unless 
really superfluous. For example, all the stars brighter than the 
twelfth or thirteenth magnitude, which at best are none too numer- 
ous, were used. ‘The tabular corrections themselves are the ordi- 
nates of smooth curves drawn through plots of the differences 
MW —HA tot, which were made for each of the areas. 
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Examination of the curves shows that the accidental errors are 
large, and that the correction curves differ much from area to.area. 
The average deviation of the plotted points from the curves, which 
represents the combined accidental error of the two catalogues, was 
formed for eleven areas, Nos. 1, 11, 21... . , 101, with results as 
follows: 


0,27, 0.20, 0.18, 0.26, 0,22, 0.10, 0.22, 0.16; 0.19,,0.10,.0,10, 


or an average of about -ko.20 mag. 

Since the probable error of a Mount Wilson magnitude, including 
scale error, ranges from 0.04 to 0.08 mag., according to the number 
of images measured, it follows that the larger part of the accidental 
error is in the Durchmusterung magnitude. This is to be expected, 
however, for the values of these magnitudes depend on one, or at 
most two, images measured on a single plate and reduced with 
standards whose values were found by a method which cannot be 
expected to give high precision. 

The fluctuations in the correction curves from area to area repre- 
sent the combined effect of scale errors in the catalogues. ‘The 
Mount Wilson results are means based on six separate determina- 
tions of the scale in each area. The Darchmusterung depends on 
standard stars whose magnitudes were determined at Harvard with 
the aid of a relation between magnitude and scale reading of images 
found from three plates, taken from each box of twelve, and exposed 
on the Polar Sequence. The mean reduction curve for the three 
plates was used to determine the magnitudes of the standards on 
the nine remaining plates, which were exposed directly to the areas. 
Although the twelve plates were developed together, gradation 
differences from plate to plate seem to have affected the results 
appreciably. 

In Contribution No. 287 it is shown that the mean color-index 
of the stars of the sixth photographic magnitude increases about 
0.25 mag. in passing from the galaxy to the galactic pole, and that 
for the stars of the fourteenth magnitude or fainter the increase 
is probably larger. Since the color equation of the Metcalf telescope 
is +0.21 C, the total correction to the Durchmusterung should be 
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systematically larger for stars in high galactic latitudes than for 
those near the Milky Way. 

To see whether this difference, apparently of the order of 0.10 
mag., can be detected, the corrections in Table III for the eighty- 
three areas observed with the Metcalf telescope in its original state 
were collected in four groups arranged according to the galactic 
latitude given in the second column of the table. The mean correc- 
tions for all the areas are in the second column of Table IV, while 
the deviations for each of the four groups, in the sense, Group minus 
Mean, are in the columns immediately following. The figures in 
parentheses indicate the number of areas included in each value. 

The deviations for the second and third groups are small and 
show no important systematic effect. The first and third, however, 
diverge systematically, but in the direction opposite to that to be 
expected from the known difference in the average color of stars in 
high and low latitudes. Since the color equation is positive and the 
stars near the galactic pole are redder than those in the Milky Way, 
the corrections for the fourth group should be the largest, whereas 
this is actually the case for the first group. There is no obvious 
explanation of this anomaly. 

Mean corrections for the areas observed with the Metcalf 
telescope after regrinding and with the Bruce telescope were also 
formed. ‘Their deviations from the corrections in the second column 
of Table IV are in the seventh and eighth columns, respectively. 

With the aid of (1), which gives the mean color-index for a group- 
ing according to photographic magnitude, and the color equation 
+o.211 C from (8), it is possible to separate the scale-divergence from 
the values of the total mean correction in the second column of Table 
IV. ‘The color corrections thus found, which are to be subtracted, 
are in the ninth column, and the resulting scale-divergence from the 
international system, in the tenth column. The following columns, 
on the other hand, give the scale reduction to the international sys- 
tem for the Harvard magnitudes of the Polar Sequence stars in Har- 
vard Annals, 71, No. 3, after correction for color. These quantities 
are smoothed values of the differences MW—HH,, derived from 
Table III of Contribution No. 98.1 The differences in the last col- 


t Astrophysical Journal, 41, 259, 1915. . 
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umn represent the mean correction for scale required to reduce the 
Durchmusterung to Harvard Annals, 71, No.3. Toabout magnitude 
13.5 the corrections are negligible, and show that the scales are 
dentical, as was intended. For the fainter stars, however, there 
is an appreciable divergence. This seems to be less pronounced 
for the areas observed with the Metcalf reground and the Bruce 
telescope, although the uncertain color equations for these instru- 
ments make quantitative estimates unreliable. 

From this discussion it is clear that the corrections for individual 
areas given in Table III fluctuate to such an extent as to obscure 
the differential effect of color and make it unwise to attempt to 
use a mean reduction curve except in certain special cases. For 
general statistical purposes it is probably safer to correct the scales 
of the separate areas by means of the data in Table III. Finally, it 
should be remarked that only a small part of these fluctuations can 
originate in the zero-point errors of the Mount Wilson magnitudes. 
Great care was taken to make these results homogeneous in the 
matter of zero-point,’ and the internal agreement is such as to 
indicate that the errors affecting the individual areas are very small. 


Mount WILSON OBSERVATORY 
October 1924 


t See Third Report on the Progress and Plan of the Selected Areas, Second Appendix, 
Groningen, 1923. 
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THE PHOTOGRAPHIC DETERMINATION OF STELLAR 
PARALLAXES WITH THE 60- AND 100-INCH 
REFLECTORS 


EIGHTH SERIES 
By ADRIAAN VAN MAANEN 


ABSTRACT 


Trigonometric parallaxes determined with the 60-inch and the too-inch reflectors — 
The detailed measurements are given for twenty-five fields, including twenty-eight 
stars and nebulae. The star H.D. 7307 was put on the program as an M-type object 
which might have an absolute magnitude between the giants and dwarfs. The parallax 
here derived makes its absolute magnitude +3.9. a Arietis, Lalande 26289, y Draconis, 
Groombridge 2875, 8 Delphini, and Lalande 43492 were included on account of the dis- 
cordance in the older parallax determinations. The list contains seven faint Wolf stars 
having large proper motions, Nos. 134, 219, 358, 629, 630, 851, 922; the photographic 
absolute magnitudes range from +9.9 to +14.7. The list further contains two novae, 
Nova Ophiuchi 1919 and Nova Cygni 1920, for which the relative parallaxes are —o%005 
and +0003, respectively, and three planetary nebulae, B.D.+30°3639, N.G.C. 7027, 
and N.G.C. 7635, for which the relative parallaxes found are o%000, +-o”008, and 
+0016, respectively. 

The present paper contains the results for twenty-five ftelds 
which have recently been measured for parallax. The work has been 
carried out in the same way as for the previously published series." 

All plates were measured with the stereocomparator described in 
Mount Wilson Contribution No. 224. The last column in Table I, 
which contains the results of the measures, gives the instrument 
used in each case. With the 60-inch reflector the plates were taken 
at the Cassegrain focus (80 ft.) ; with the 1oo-inch, at the Newtonian 
focus (42 ft.). 

The necessary data for each field are collected in tables which are 
arranged as in the Sixth and Seventh Series.* The mean number of 
exposures is 16.0, the mean probable error +07%0064, and the mean 


number of comparison stars 7.6. 


The following fields require special comment: 

a) H.D. 7 307. —This star, of spectrum Ma, magnitude 8.7, and 
proper motion 0%035 annually, was placed on the observing list be- 

I Mt. Wilson Contr., Nos. 111, 1916; 136, 1917; 158, 1918; 182, 1920; 204, 1921; 
237, 1922} 270, 1923. 

2 Tbid., No. 237, 1922; 270, 1923. - 
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cause of the possibility that its absolute magnitude might be inter- 
mediate to those of giants and dwarfs. The parallax derived, cor- 
rected for systematic error, shows it to have an absolute magnitude 
of +3.9;H.D. 4143, which was placed on the program for the same 
reason, has an absolute magnitude of +1.2." 


TABLE I 

. Mount . No. | In- 

. Vis.Mag.| y)- Relative 
Object a 1900 5 1900 Wilson BL P.E. | of |stru- 
J 9 9 Harvard Eneerriitn Parallax a Tixps tavent 
FED N7369), wane tias ce. rh 8my28}-+ 26°36 8.7 Mat +oo12 |—o%025 | 5 3 16 60 
@ ATICUS 0.0 vxa.c e sien 2 1 32 |+22 59 2.23 K2 + .044 |-++0.192 | 6 4 16 60 
WOE S324 sore er 5. ISS [AEB cao lens oes, ieee lars + .052 |+1.200 | 7 Ir 14 | Ioo 
WOE 290. cia siccisiscies 2.38 48\ 1-F18 © | T4sg™  fiececwew sie + .069 |+0.416 |] 4 7 16 | 100 
© Perel ny. cc wean sive 3 52 28 |+35 30 4.05 O8n — .006 |+ .004 1 4 4 16 60 
Wolt's68 5. mocctiisess TOLaS, 2A leg ae {a BIO eas ete + .131 |— .877 |1r 13 16 | 100 
Lalande 26289........ 1418 8/+ 1 43 6.34 G2 + .044 |+ .23617 3 16 60 
SOCOM ass speed acs < 16 43 41 |—-34 7 2.36 Ko — .o16 |— .544 10 6 14 | 100 
WOlE G26). <a ac vr caste 16 49 34 |— 8 8 | 11.7* Mt + .1900 |— .832 ]7 8 16 | 100 
WOH O80.Kn owas ncs 16 50 —8 9 9.2 M3e + .187 |— .816 |16 20 16 | 100 
BOBS AS OA saa scion bs. 17 43 43 |+72 12 4.90 F3 + .057 |+ .022 |] 9 2 16 60 
TROGS A508. 5 osc cu eases 17 43 45 |+72 12 6.07 F7 + .068 |+ .030]/6 1 14 60 
fy DIPRCONIS: f 240 oan 17 54 17 |+51 30 2.42 Ks + .020 |— .orr | 6 4 16 60 
Nova Ophiuchi rorg..} 18 9 27 |+11 35 | Var. Q — .005 |— .006 | 8 14 16 | I00 
WOlLBET tocar cave Fe Mi ee Je Met eg + .034 |+ .013 | 6 3 16 | 100 
BiG. 004s Avian. on I 7.10 F3 + .002 |— .o12 | 9 10 16 60 
B.G.C. 9043 B ... = I 8.2R | Bs — .003 |+ .oor | 6 6 16 60 
Groombridge 2875 . 23 6.70 K4 + .058 |— .513 | 6 3 18 60 
B.D.+-30°3639 18 | 10.02 Ocpt .000 |— .002 | I I 16 60 
Nova Cygni 1920..... 19 55 55 | +53 21 | Var. Q + .003 |+ .o1r | 5 7 14 60 
BG CCse46 As es 2017 5 |+43 32 6.83 Oat + ,003 |— .008 | 4 2 20 60 
A rel; 6p oss ee 20 32 52 |+14 15 3.72 F3 + .037 |+ .115 18 3 16 60 
IN NEC, FOR aes cls cae 21 3 18 |+41 50 | 10.9* Pl. Neb. |-+ .008 |— .o18 | 4 2 16 60 
SY Cephel Gace is sewers rece 2x 812/+68 5 | Var. M7e 000 |—o0.041 | 3 4 16 60 
Wolf'922sasiaweanns 25 25 SE —Torxrd. |. OF 5 | Seecesgiee + .163 |+1.171 | 6 7 16 | 100 
Lalande 43492.......- 22 12 15 |+12 24 6.9 Gr + .042 |+0.841 | 8 3 16 60 
B COD HEL nora snes Saale 22 25 27 |+57 54 | Var. cGo — .002 |+ .009 | 5 4 16 60 
NGSCr36gs San ae-vee 23 16 19 |+60 39 | 8.5*,*] Pl. Neb. |+0.016 |+0.001 | 2 2 16 | 60 


* These magnitudes are photographic, derived from counts of the number of stars of equal and brighter 
magnitude, and are based on Table IV of Groningen Publications, No. 27. 


** Photographic magnitude determined by Seares. 
*.* Photographic magnitude determined by Hubble. 


R For 8.G.C. 9043 B the difference in magnitude as given by Burnham has been added to the Harvard 
magnitude of A. 


+ Spectrum from the Henry Draper Catalogue. 
t Spectrum from Lick Observatory Bulletin, No. 344. 


b) Wolf 134, 219, 358, 629, 630, 851, 922.—These seven faint 
stars having large proper motions were all observed with the 100- 
inch telescope. Including the three stars, Wolf 1037, 1039, and 1040, 
published in the Seventh Series, ten of these faint Wolf stars with 
large proper motions have now been observed. The absolute magni- 

t Mt. Wilson Contr., No. 270, 1923. 
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tudes are all very low, ranging from M=-+9.9 to M = +14.7 photo- 
graphic. Russell’s diagram in Volume III of the American Astro- 
nomical Society contains only fourteen stars fainter than absolute 
magnitude +10. A search was made through the material now avail- 
able for other absolutely faint objects. It was found that at present 
more than sixty objects of absolute magnitude fainter than +10 are 
known. The list of these has been published in Publications of the 
Astronomical Society of the Pacific, February, 1925. 

c) € Scorpii.—For this object only one other parallax is available, 
viz., that by Flint who derived 7,.,= —o”065+0%046. Undoubtedly 
the parallax is very small. Since the apparent magnitude is 2.36, it 
must be a very luminous giant. 

d) Nova Ophiuchi rorg and Nova Cygni 1920.—The relative 
parallaxes derived are both small, —o”005 and +0003, respectively. 
For two others, Nova Persei No. 2 and Nova Aquilae No. 3, paral- 
laxes have been derived with the Mount Wilson reflector, while for 
only three others, Nova Geminorium No. 2, Nova Lacertae, and 
Nova P Cygni, have trigonometric parallaxes been derived by other 
observers. All the values found are very small indeed, and it seems 
hopeless to obtain much evidence as to the absolute magnitudes of 
these stars in this way. On the other hand, it seems doubtful if we do 
well to derive the distance of a nova from its absolute magnitude, 
as has recently been done by some astronomers, by assuming the dis- 
persion among these objects to be small; for from the novae thus 
far discovered in the Andromeda nebula, we know that the range is 
at least 12 magnitudes. As in the case of the planetaries, the best 
outlook for a determination of distances is from the proper motions, 
for which some very valuable material should be available before 
many more years have elapsed. 

e) B.D.+ 30°3639; N.G.C. 7027 and N.G.C. 7635.—For the first 
of these three objects a parallax of +0’005-to0"009 was formerly 
derived.t While the other two cases give absolute magnitudes for 
the central stars of +5.1 and +4.4, I wish to call attention to the 
remarks in the Sixth Series? about these interesting objects. The 
work on the proper motions of the planetaries is being continued, and 

1 Ibid., No. 204, 1921. 

2 Ibid., No. 237, pp. 11-14, 1922. 
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for nine objects relative proper motions have now been determined 
by Mrs. Marsh. The results are collected in Table IT. 


TABLE II 


RELATIVE PROPER MotTIONS OF PLANETARIES 


N.G.C. ay Hs PB: Interval 
BO22 tee ee +o"%004 | —o"002 aS 6 years 
O2TO ney eee .024 — 020 3,9 5 
OS72 waren eee = O71 + .040 She) 5 
OY 20 naan nin — ,000 —+ .Or6 Ors, 6 
GS04 nda seals cere <=) "5007 = .002 Tyo 6,7 
OOK ds 56s Sines = |.G02 — .007 2y2 6 
TOO aeons wales + .002 — .005 252 7 
ODT ataan Sa Rott + .017 + .Oor oh) 5 
WOODY os rertiestetars -+-0,022 —0.004 Bs 6 


Before very long we hope to have enough material to determine 
the parallactic motion of stars of the twelfth and thirteenth magni- 
tudes. We shall then be able to derive the absolute motions of these 
and other planetaries, which undoubtedly will help materially to a 
better knowledge of these objects. 

f) T Cepheit.—The zero parallax derived for this long-period vari- 
able confirms the high luminosity of these stars at maximum which 
was found in the Seventh Series' and by other means by Merrill 
and Stromberg.” 

I wish to express my acknowledgment to Messrs. W. Klemman, 
T. A. Nelson, and A. N. Beebe for their valuable aid in securing the 
plates, and to Mrs. Marsh, of the Computing Division, who has per- 
formed a large share of the necessary computations. 

t Mt. Wilson Contr., No. 270, p. 4, 1923. 

2 Ibid., No. 267, 1923. 
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H.D. 7307) a=18™z28 s= + 26°36/ 


Mor Ev ty t Ap M 0 
6.663 4.879 —8°7 + 2%0 +1.15 —9 + 3 
5.639 8.928 See, wine 1.40 +35 — 5 
6.657 4.879 —0.5 6.2 1.18 —I19 — 7 
5.639 7-879 a 6.2 1.25 +46 +18 
6.657 4.879 +4.2 10.5 1.18 —19 —7 
4.636 8.032 +5.0 10.7 1.65 +33 — 9 
5.639 6.002 +8.5 TOe5 1.62 +22 +10 
4.630 8.032 +9.0 477 +1.65 +38 — 4 
No Br. x y T 
+48 .60 a—13.15 T=—551 Ts. ees f +1'0 | +1/9 | +0%016 
Rona 8 2h ah f +0-5 | +2.3 | — .008 
13.15 Met 15.85 r=+20 ig sees bf | +2.3 | +5.8 |] — .003 
n=+4.8=+0"%012+0"%005 ee bre. | 0 | oe 
= res Vane eos b rhe) || Katte y |) Kone! 
Ha= — 10.0 = —0.025*0.003 Omer f —1.5 | —6.5 | + .or2 
Pee f —3.8 | —3.2 | — .oro 
Steen: bf —7.7 | +2.3 | +0.002 
a Arietis a=2hr™328 6=+22°50' 
Mor Ev ty b Ap M v 
6.660 8.033 — 9°o — 6%0 +1.40 —156 7 
6.660 6.931 Any = Be; 1.40 ap ee +19 
6.657 8.933 — 3.0 “aos I.42 —134 +15 
9.675 6.931 + 0.7 + 3:5 1.35 +240 +s 
6.658 8.029 Sees sm lee) EL 7 OO —I15 
9.675 8.029 + 4.7 --10.0 1.65 +139 —16 
9.680 6.906 + 6.2 “i005 I, 21 +239 y 
9.680 6.906 +12.0 +14.5 +1.21 +226 — 6 
No Br. x y 
+37 .87 Mat 3.98 r=+2951 rae bf | +4/0 | +2/7 | +0%007 
+ 3.98 wat16.32 r=+ 586 Se bee pee | er ae 
mw =+17.4=+07044+0"006 tees f —1.9 | —5.5 | — .008 
as = ” ees por ae ff meee) |) So || Se co 
Ha= +76 .1=+0.1920.004 Cie. f=) 5 8} Es a teoon 
ee f O14} -41-2,0e—=O,0ns 
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Wolf 134. a=327™358 = 5 = + 18°20' 


Mor Ev. tr ta Ap M v 
7.715 9.018 —16°7 — 5°7 +1.58 —321 + 4 
ss 9.018 — baa e205 1.58 — 326 ee 
7.712 7.005 — 5.0 + 6.2 Lyd +173 —16 
7.709 7.062 — 2.2 + 8.2 1.71 +198 mene) 
aT: 7.005 — 2.0 SiO E72 +194 ators, 
7.700 8.043 + 2.5 +13.2 1.67 ae hes Cae 
8.772 7.062 + 3.5 -FIt.2 +1.45 +467 + 2 
No Br. x y . 
+7.67 Mat 1.16 r=+2031 Teka bf | —6/6 | —3'3 | —o%006 
+1.16 fat18.65 r=+ 502° ; Bere 3 Piely ae + es 
m =+ 10.6=+0%052+0"007 Aes f +1.9 | —o.5 .000 
= =s " aerate Cea f +1.4 | +o.8 | — .o12 
Ha= 1263 .2=+1.290*0.011 Rae ee f +o.1 | +1.0].+ .o19 
hyn one bf +2.7 | +3.4 | —0.007 
Wolf 219 a=3538™488 5=+18°0! 
Mor Ev. ts b Ap M v 
7.715 9.016 —15°5 — 8°2 +1.57 —84 + 4 
7 ER 8.043 —12.7 — 7.4 1.68 fo) + 4 
7.800 9.016 — 4.2 — 3.5 Stee —=O7 —10 
Rey Be: 9.018 — 3.2 — 3.2 I.59 —87 + 2 
7.712 7.005 — 0.7 + 6.5 Ts +82 2 
7.710 7.065 + 8.2 + 9.2 1.76 +8o +1 
7-794 7.062 ShOt5 +10. 5 1.41 +78 = a 
7.794 7.002 +12.2 +13.2 +1.41 +80 — 2 
No. Br. x y T 
+6.g0 [Te 1.83 a=-+560 De oie bf —0!6 +215 —o"005 
— 1.83 Mat 19.44 T= +120 oe ay ee zs ae 
3 =+14.2=+0%069+0"004 Ane ats , +o.7 | —8.2 |] + .002 
ag -&. ” ” Rigeaarne 224) | —5. 4 [Org 
Ba= 184 .9=+0°416+0%007 Cue ff +4.0 | —0.3 | — .006 
ee afore f = 350) | =} 0.o I OO. 
SNe if +o.8 | +8.5 | +0.010 
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€ Persei a= 3h52m288 5=+35°30" 


Mor Ev. th h Ap M v 
6.737 5.048 —16%0 Sus +1.63 — 1. ° 
9.675 9.086 Tyee == ete 1.88 — 6 — 3 
9.675 9.084 13.2 = 6:5 1.87 ° + 3 
9.680 9.086 8.5 = Bs 1.87 — 5 — 2 
5.765 9.084 8.0 — 1.5 1.62 —20 —II 
7.740 8.029 hess + 3.5 Ea55 —I5 —12 
5.705 8.029 4.0 + 8.0 I.45 +9 +16 
7.740 8.029 — 3.0 E255 E255 ar + 8 
No Br. x y T 
20.20 U.— 2.40 T= fo) Tana f +1'9 | +2'9 | —o%002 
ci ae ma ek ae py peed eee ere 
a> 3.50 fat 22,75 7= —56 ee Bios f +1.8] —4.5 | — .ors 
mT =—2.2=—0%006+0%004 Ao vsss : FO.8 | 3-8 Hn eS 
anne —2.2 | —4.0 .00 
Ma= +1.6= +07004+0%004 ten bf —2.3 | +o.3 | + .008 
raver bf —4.0 | +1.2 | — .003 
Sisrostets e —1.6 | +3.6 | —0.004 


Wolf 358 = a=10'45™44° s=+7°21' 


Mor Ev tr b Ap M o 
9.016 7. 3Ul — 9°o — 4°7 +1.409 — 281 —17 
9.016 8.287 — 5.47 — A I.40 — 89 + 4 
7.063 7.311 — 4.0 — 3.5 I.30 a 74 — 6 
7.063 7.314 — 2.5 eet Lest + 84 + 4 
7.0606 8.287 — 0.2 — 2.5 I.19 +258 +3 
7.066 7.314 “= ts2 0.0 1.29 4-07 —i2 
9.019 7-309 + 9.5 +10.2 1.47 —258 ap © 
9.019 7.300 +13.5 +11.7 +1.47 —255 +12 
No Br. x y w 
+10.93 Mat 6.14 T=—1792 Tee a —7!7 | —o!g | +0%017 
a Ste —2.4 | —2.1 |] — .025 
+ 6.14 Mat14.99 r=— 699 2m f —1.2 | —3.7 | — .005 
gw =+ 26.7=+0%131+0%011 AgaKen f FE.3 [2.9 | >——.020 
Pi od o=—0"8 +o"or 5 ste f +5.4 —5.6 + -032 
Ro 79/.0= +077 =0.013 C5 b +3.5 | +4.2| — .046 
act: f +2.7 | +4.8 | + .028 
Siok: b —o.6 | +6.0 | +0.022 
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Lalande 26289 .a=14'18™8s) 5 = ++ 1°43’ 
Mor. Ev. ts b Ap v 
8.230 9.417 —14°2 8°7 +1.05 — 100 —7 
8.230 9.417 — 9:0 = D® 1.05 — $7 = he) 
8.227 9.420 — 32.0 — 0.2 E207 — 94 — 2 
9.248 9.420 —\2.2 ime PSS 0.97 + 9 + 8 
8.227 5-445 Fe ap 7/ee) 1.19 +272 — 9 
g. 161 4.429 + 1.2 + 7.2 1.38 +482 +16 
9.248 5-445 + 3.2 +1I.0 1.08 +367 —7 
9.161 4.429 Se kee PTs +r. 38 +458 — 8 
No. Br. x y T 
1.16 TOR = fe) 
7 Hat 54 T= +693 Rewer f +3!7 | +41 | +o.004 
+16.54 Mat 10.67 r=+1729 2a bf | +o.8 | —5.6| + .oor 
a =+17.3=+07044+0"007 Sais ot | cael conan ames 
Peasy td —2. ; 0 
Ma= +93 .4=+07236+0%003 Mae f —0.8 (oer 6 (eas 
OSes f —o.7 | +6.9 | +0.005 
€ Scorpii a=16'43™418 8= —34°7' 
Mor Ev. ty ta Ap v 
9.328 7.558 —10°7 —8°%o +1.29 —196 + 5 
Q.343 7.501 9.5 62k T.20 —= 20% — 4 
9.328 7.558 8.7 Sri 1.29 —202 — 1 
9-333 7-561 6.5 4.5 1.27 — 200 fd 
Wet 9.513 4.7 —8.0 te BS --227 —13 
sto 9.510 3.0 —6.5 De rAl =Ie53 +13 
7.309 8.528 — 2.2 +1.7 124) --133 + I 
No. Br. E") y 7 
NS rer f +7°3 | —3/8 | —o%035 
+23.69 Hat 2.53 r=— 2640 ewe bf | +2.4 | —4.3 | + .o49 
+ 2.53 fet10.73 r=— 316 Bet b | +4.3] +1.5 | + .or7 
mee om hear Aine f se Seren caer pete |i) ufo! 
T= B.2—— 0. OF 0.009 Sioa bf —0.9 | +5.3 . 000 
a= —I1I.1=—0"544+0"006 Gairecs f TS) ect Cale Ons 
He as f —4.5 | +o.8 | + .018 
Sane f —5.6 | —2.6 | —0.043 
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Wolf 629  a=16'49™34° —8°3/ 
630 1650 8 —89 
Mor Ey. ts b Ap M (629) M (630) v(629) 2(630) 
On337 7.558 | —12°5 | — 2°2 | +1.26 | —252 —247 ° +1 
Se Gun ee 555) eee eC a oa AG | a Aca 7 == 36 
9.329 Fe SOL a Sa ga| as lh tes 2e 250 — 240 —I 5 
9-334 7.550 | —— 2.5 0.0 276-250 — 236 +2 --11 
W312 7555 | 4) F.0)) = 0-72 T30) |e £Os + 86 +9 — 6 
Teale PIAS |) Se eG lap kes Tecoma cOs +118 +8 +23 
7.309 EOrts || aye elk aeeiay/ E762 | 4-ELr aly —8 fe) 
7-309 7.025 | +-°8.5 1 +-14.0°| +-5-62 | +1254 +116 —5 — 1 
IO. at 6.18 r=—1516 
+ eas mn 5 629 No. Br. x y © 
SOU A T= — 
+- 6.18 wo+16.07 427 
— 1485 Ta tee bi. |— 1°6 | +124 | +0%016 
eek hanes b |— 3.6] +2.3 |] — .or4 
a ae? aires: f |— 6.1] +0.2 | — .oro 
= 8.4»=+0"1900+0"00 Al cRavap ek bf |— 4.8 | —6.9 | + .002 
es le an Vv 9 cae 7 02 Ommee erent f — 1.8 | —4.0 | + .020 
Ka oo, 8= —0.832+0.008 Ouenen f |+ 4.7 | —1.8] — .030 
aw =+ 38.2=+017187+0'%016 Perea £. -|i0.0 | —9.7)| =P cas 
Dele Th gane bf : ; 
Ma= — 166.4= —0"%816+0%020 ee SSeS] ioe vem | aaecee 
Boss 4504. a=17943™43* 2 6=+72°r2" 
4505 17 43 45 +7212 
Mor. Ev tr ta Ap M(4504) | M(4505) | (4504) 0(4505) 
7.312 yoeco | — oc5 | —12-2 | +2.32-| + 38 | + 22 +12 —7 
2.282 7.580 | —I0.0 || — 8.0 E.2ie} = aH, +19 +10 
VESia OnscOnlea Seo. ea OO 1.49 | +107 +124 +11 — I 
7.309 On500!| =-— 6,0 |) —) 2.0 Tie SOl,| esta Os +121 — 1 —4 
2.282 Peas | BLO —— 2.5 cities tell ame ye) 2 —TI0 +14 
7.310 7-545 oped || ae eee De GOn spe LOen || aria aa | eahe tenes 
7.389 Op5cOn i Ore? | ces > £ ko) | 00 t- E25 +10 + 8 
7.389 0.586 | +10.0 | -+ 7.5 | +121.12 | + 48 + 93 —4o —25 
+ 238.40Mat+20 pee Oe as 
+ 20.03ua+14.297=+ 498 
+ 238.43 Mat 20.340 = +3354 asog . No | Be z y : 
pee rar | cate | goer ces 
mw =+22.8=-+0%057 =0%009 4504 Peon ae: —I.1 +1.9 eg: 
Ma=+ 8.6=+0%022+0"002 Bnutts : eg 3.8: | 4-9 01g 
, Aer Te 0.0] — .o14 
wr =+26.7=+07068 +0" 006 igi re F eg) otal ae eoe 
Ma= +11.8= +0%030+0"001 Ginwe 2s bf —f 2 je 5) fest -Os Onn 


4505 was not measured on 7.310- 
7-545 
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y Draconis  a=17's4™178 8 =+51°30° 


Mor Ev. tr 2 Ap t) 
7.391 9.507 —10°2 —14°5 +1.18 +17 — 2 
7.301 9.597 — 5.7 — 8.7 1.18 +38 +19 
eat 9.595 — 1.2 — 4.5 ThA +.2 —20 
7.301 9.505 ——eOn2 0.0 I.56 +29 + 6 
fees 5.641 = 3.0 + 8.0 I.70 +15 + 8 
9.339 5.644 7 3.5 + 9.0 I.61 +16 +19 
7.301 5-693 a Ae --II.o 1.85 — 4 —12 
9-339 5.641 10.2 -+12.0 +1.60 —17 —I4 
No. Br, % 49 T 
+02.096 Meat 5.42 T=—178 Trae f +o!1 |} +1/0 | —0%007 
ate Bhs = 7 Bete [yi |] Greets || Reo |) se) oeeal 
+ 5.42 Me t19.01 r=+131 eine f 0] s.6) |e s eoleentona 
T =+8.1=+0"020+0"006 Aimee ; --L.9 | —2.0%] = 3020 
iB a seieee —o.7 | —7.0] — .004 
Ha= —4.2= —O“OIT 07004 ae at f —4.5 | —o.8 | + .005 
Ra f —3.6 | -+-4.1 | —*.0090 
Saas f —o.4 | +3.2 | —o.o11 
Nova Ophiuchi 1919 §©=0s a= 1889 ™278 5 = 11°35’ 
Mor. Ev. ty t Ap v 
7-397 7-635 et 5 eect +r.3r eer ait | 
7-397 7-635 me. 5 + 2.2 * aig co neers 
7-394 7-037 — 9.2 i 2.8 1.34 as “6 
7.394 7.637 — 6.0 -+ 6.0 1.33 ° + 1 
9.328 ope — 1.2 +11.2 1.80 ° + 4 
9.328 7.714 + 2.2 +10.0 1.80 + 3 + 7 
8.392 Py 7 + 8.5 +14.2 Te5 a —1I2 —9 
8.392 uA +11.2 +15.7 1.52 —15 —12 
No. Br % y ca 
16.37 Hot 6.64 7=—15 Teese bf —3/2 | +1/8 | +0"oor 
+6 .64 Hot18 .08 r= — 27 Bs ot | oat —2.1 | —1.1] — .004 
~ =—1.0=—0"005+0"008 CR bf —0,,0)|/-— 4 Ost 
a ; 7 cas f +0.6 | —3.7 | — .022 
Ma= —1.3=—0.006+0.014 oe eee bf | +2.6 | —o.2 | + .028 
(ou Stee f +2.3 | +1.0| — .024 
ore bf 0.0 | +3.1 | —0.005 
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Wolf8s5r = a=18836™318 = 5 =+0°52’ 
Mor Ev. tx t Ap M v 
7.312 9.589 —12°5 —10°0 +1.45 + 4 ° 
eae 9.589 =—=T0.0 Sa asf I.45 I — 3 
8.392 9.587 = 0.2 = 252 I.14 5 ° 
8.392 9.587 = 4.2 — 0.2 t, 03 7 + 2 
9-333 6.668 — 1.5 + 2.0 Lave 30 +11 
9.328 6.668 — 0.2 + 4.0 1.74 21 + 2 
9.333 6.586 + 1.2 + 5.2 Tay 12 -— 5s 
9.328 6.586 2.0 = +5530 + 7 —I0 
No. Br. x y . 
+42.49 Mat 7.46 w=+163 need bf —8!o | +3!0 | +o%o13 
eo A Oe arcane f —3.9 | +3-9 | — .o16 
ee, 40 Mat 10:5 Fons hee f —1.4 | +0.2] — .o12 
7 =+ .o=+07024+0"006 7S ess f -++0,3 | —I.1 | —_.00g 
=o 6=+ Vd oe uv 5 eee bf +2.8 —6.8 + .007 
Ma=12.0=70.013 0.003 Guten f +3.1 | —6.9 .000 
| oie f +1.2] +1.4 |] + .o14 
Seer f +3.9 | +4.7 | +0.002 
B.G.C. 9043  a=19h2™398 3956 =+22°r’ 
Mor Ev. tr t Ap M D 
8.441 9.600 —14°5 —9°5 +0.95 +27 +20 
8.438 9.600 —12.0 —5.0 0.96 --II + 4 
9.341 7.621 —10.7 —3.0 1.48 as +10 
8.441 7.624 —10.0 —3.0 1.06 —26 —23 
8.438 7.627 — 8.0 —2.5 I.09 + 3 + 6 
9.342 7.621 — 4.2 +I.0 1.48 + 3 +10 
7.389 7.624 SNS 1.7 1.32 —25 —27 
7.389 VOY, -- 3.0 +1.7 1.33 +1 -— I 
+10.07 Mat 4.00 T=—47 . = 
+ 4.00 Mat12.02 T=—12 ae Bot . s i 
mt =+0.7=+0"002+0"%009 Pevess f +o's | +1/5 | +0%020 
es SG eee: A f Seana po) One 
Ma a:o eae ag arte f +5.8 | —2.2 .000 
For the non-physicalcompanion we 4----- f Pics | 4.0 000 
find: ae bf —3.4 | —4.1 | — .oor 
‘ ” 7 Oosee: f —5.5 | +3.6] — .0c0o9 
T =—1I.0O=—0.003+0.006 eee f —3.2|] +5.5 | +0.003 


Ha= +0 .4= +0" 001 +0"006 
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Groombridge 2875  a=19"29™285 s=+58°23’ 


Mor Ev. ti b Ap M v 
9-415 9.674 —12°5 10°0 +1.42 + 80 — 6 
6.364 9.677 —I1.0 — 6.5 1.62 +714 + 4 
9-415 9.674 =',0:7 eV 1.42 + 69 =7 
6.364 3.681 =A ie, Aas 1.64 — 509 —2 
8.441 9.677 — 1.0 — 2.5 tip ett +298 +16 
8.438 4.709 + 2.0 — 2.5 1.42 —739 —13 
8.441 3.681 + 3.0 — 0.5 Tae — 922 +17 
8.438 4.709 + 6.0 + 1.7 Tae —718 + 8 
8.441 3-747 ap BS ap ey) SPS —927 15 
No Br. % y © 
+ 92.30 Ha+20.60 7 = — 18307 fs, ee bf +0/8 | +3/2 | —o%004 
2 eon f +1.4-| +:2.0 |  .000 
+20 .60 fat 19.10 T= — 3752 He f +4.0 | +1.0 000 
7 =+ 23 .o=+0"058+0%006 7, Nes ao f -+3.6 || —3.8 - 000 
py = ” Lae Ceo f ese ||P et bo? . 000 
Marries 203.05 aOR oe OOS Oper f —4.9 | —3.6 | + .008 
VOD OS bf —3.0| —o.7 | — .o16 
Gene bf —4.3 | +4.1 | +0.004 


B.D.+30° 3639 = a= 19830™548 8=+30°18' 


Mor Ev ty 4 Ap M v 
7.392 4.711 —9°5 — 1.0 +1.64 —2 ° 
4.468 6.659 —5.0 + 2.0 1.09 +4 +2 
7.403 5.639 —2.0 = 4,2 1.02 +4 +5 
7.463 4.632 +2.0 = 540 0.98 =f —2 
7.389 6.659 +2.5 + 6.0 1.47 —2 —1I 
7.466 4.632 +5.0 + 9.0 0.97 —3 —I 
4.427 5.639 +6.5 + 8.5 1.21 ae a3 
4.430 4.799 +8.7 +11.5 +1.58 +I +1 
No Br. x y T 
se f +3/6 | +2'7 | —0%003 
+33-44 Mat 8.42 T=—25 aseies : +1.6 | +0.3 | — :003 
+ 8.42 we+12.04 T= — See eee +1.8 | —o.5 | + .004 
ge 4 Berd 94 : 5 Pipe f +2.3 | —3.0] + .006 
T =+0.1=0.000+0.001 ea Seed f —o.7 | —2.3 | + .005 
Ma= —0.8=—0"002+0"001 Onrsoiat f —2,T | —<.6 | — .oro 
en ee f —1.6 | —1.1 | — .003 
Sars bf —4.0] +2.1 | + .004 
Ol Sire f —1I.9 | +4.4 | —0.003 
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STELLAR PARALLAXES 13 
Nova Cygni1g20 39 a=19855™558 b= +53°21" 
Mor. Ev. te la Ap v 
TATE 6.665 —10°5 — 9°o +1.09 +11 +7 
7.468 6.739 —10.0 — 8.5 E37, +21 +16 
7.471 6.665 = 6.5 = 4.5 1.09 + 5 “= 
7.408 8.763 = (G0 aie ee 1.43 ae fo) 
8.438 6.739 = pel Oe — 2.0 0.53 — 2 —II 
8.441 8.763 + 8.5 + 4.7 Tens fe) — 2 
8.438 8.761 = 10 G5 = pen.§ Spitsets ay, —'5 
No. Br x y ™ 
+5.63 pat 2.40 T=+31 eae Se be +r1/4} +4!'5 | +0%006 
= es ate =e Gal Hae gel 5 OOF 
+2.49 fir #360 te oP Rice bf +4-8 | —1.9 |] + .006 
mw =+1.3=+0.003+0.005 Axe : +o0.3} —5.9} + i. 
oe as ” eee Beet 0.0 | —4.4 | — .00 
Ha=-4.2=+0.011+0.007 Oe aaa bf =623 | —0.3 | == 003 
incre f —3.8 | +2.5 | —0.004 
B.G.C. 10146A a=20'r7™58 b= +43°32" 
Mor. Ev tr bi Ap D 
4.471 4.711 —14°%0 — 520 +1.30 —5 — 8 
4.468 4.709 —I0.0 — 3.0 Pot +13 +10 
6.496 6.736 —10.0 —I5.5 1.26 +2 — 1 
6.496 6.736 — 6.0 —10.2 1.26 +2 — I 
7.463 3.679 = Sie = 4.0 Foe =—=1G) qe 
7.406 4.711 + 0.5 — 1.0 1.33 —II —4 
7.463 3.679 + £1.5 + 0.2 1.21 —r0 ° 
7.406 4-709 = Alu + 1.0 32 —12 — 5 
7.468 3.681 + 4.2 + 4.0 £10 — 2 +9 
7.468 3.682 + 8.2 + 8.2 +1. 19 —16 — 5 
No. Br % y . 
2.78 pat24.25 r=—20 ri arpa. b +o0!7 | +7'5 | +ooor 
7 ei Mee 5 a 7 re f +2.3 | +6.2 | — -008 
+ 24.25 Mat15.867=— 509 Lee bf | +2.6] +2.1] + .073 
T =+1.3=+0%003+0%004 2 hain GS f = Pia) Saeed || Seen 
ie: F080" eee f —0.3 | —5.9] — .003 
ee ORS ean SOOO =O O07, Gee: f —2.2 |) —6.3 . 000 
FRR ff —o.7 | —1.8] — .007 
bee ae bf —4.0 | +1.8 | +0.008 
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B Delphini a=2032™528 = 55 =+ 14°15’ 
Mor. Ev. tr t Ap v 
6.490 9.674 —16°%0 —14°5 +1.04 —140 —I0 
6.490 9.680 —12.0 2.2 1.07 —127 + 2 
6.493 9.674 —10.0 —I0.2 1.03 —146 —16 
7.479 9.680 — 8.5 — 8.2 Tre — 72 +11 
6.493 5.761 — 6.0 — 1.5 1.36 si 5) +20 
7.479 5.761 — 3.5 + 2.7 1.43 ++ 106 +9 
9.505 5.696 + 7.0 + 8.5 1.07 +169 —21 
9.505 5.696 +12.2 +12.5 1.07 +187 — 3 
No. Br x y T 
+67.41 Ha— 0.88 r= +3063 Taner: i +1/9 | +116 | +07008 
Oe a ee f ob) || ae || tel 
— 10.88 pe-FI0.73 T= + ITO CRS b +2.2} —3.3 | + .0o9 
w =+14.8=+0%037+0%008 A Sees, : me ty | rhe — .022 
ieee a —3.7 0.5 | — .007 
Ma=+45.4= +0115 +17003 hae f —1.8 0.0 | + .0o20 
Vio oe ff —o.3 | —1.8 | — .020 
Sirens bf —o.4 | +0.5 | +0.029 
N.G.C. 7027 a= 2153m788 8=+41°50' 
Mor. Ev ty ta Ap v 
6.498 7-785 ote 3507 +1.43 +20 oi Bey 
6.490 7.788 —12.5 —14.0 1.48 + 7 — 6 
6.498 7.785 — 9.2 —II.0 TAs +13 fo) 
6.490 7.740 — 8.5 — 8.0 T38 +21 + 8 
7.463 2.815 — 4.5 — 1.5 1.64 —30 — 3 
7.463 2.815 — 0.2 -+- 3.0 1.64 — 24. + 3 
7-471 3-744 “ne SEL. 2 1.44 a0 7 = 
4.468 3-747 “fa 55 +10.5 +1.46 15 —14 
No. Br x y 7 
64.24 Me : ers Teas f +o'7 | +41 | —ooor 
Es 4-24 Mat14.42 7 4v4 Dig mies f +0.8 | +3.0] — .o13 
+14.42 Hat17.62 7r=— 48 Baca Nate f +4.7 | —o.r | — .004 
o =+3.0=+0"008+0"004 Assiioar: i ee ree + .o17 
eee O°. —3. — .o10 
a= —7.0= —0%018+0'002 6am bf ee eis + .00§ 
Ge wele bf —4.9 | +2.1] + .016 
Siaercune f —2.2 | +o0.4 | —o.o12 
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STELLAR PARALLAXES 15 
T Cephei a=21b8™128 3= +68°s’ 
Mor Ev. tr b Ap M v 
6.497 7.783 455 sat tet +1.43 +28 +7 
6.489 7.781 —3.2 — 0.7 navel, +21 ° 
7.404 5-770 —2.0 2.5 Tes —29 — 2 
6.497 6.740 —0.5 + 3-5 1.30 ee aD 
6.489 7-781 BLOn7; Elan aind 1.47 Fiat 20 
6.494 5-843 jane See ee) 1.53 ae +9 
7.404 62.7237, +2.2 l= One 1.44 —18 —6 
6.494 5-843 = tems) +10.0 E253 =—-5 “3 
No Br. % y T 
eT pa 60.32 7=— 150 ree bf +3/6 | +3! +o0"002 
3 5 3 3°3 
cee = DAA nee f = aelel | apelPRon | SR Koren: 
0:32 Ha E737 v3 5 6 a hts Beye eas oan aS oe 
T =+ 0.1=0.000+0.003 Aa, f —3.3 | —1.6 | + .005 
Fy at Be Rae a bf —5.2]| +1.1 | — .003 
ie Ola 0.041 0.004 See ae eat peter baring 
sane bf —3.3 | +2.2 | —0o.0or 
Wolf 922 a=21225™c78 8=—10°r4’ 
Mor Ev. tx b Ap M 2 
7.474 7.714 — 3°20 + 422 +1.28 — 13 +2 
8.529 8.854 Ons 7-5 1.43 — 24 Sie5 
7.474 Re = Oa5 6.2 P27, — 20 —5 
8.534 8.854 Siaetey, Tie 7 1.40 = 34 —4 
8.534 TFTA. + 5.0 7.0 I.O1 +234 +4 
9-514 7-709 = O50 7-5 1.08 +474 +8 
Q. 511 7.712 + 9.2 9.0 Peat +460 -—7 
9.511 7.709 0230 +10.2 +1.10 +463 —4 
No. Br. x y T 
10.7% Mat 5.23 T= 12733 Tea f —5/6 | +3!/1 0”000 
+ Rees Mati .88 w=+1644 Die hemas f —1.4 | -+-0.8 | +- .009 
= = Pe ce Bb sae f —4.2 | —6.5 | — .002 
w=+ 33.2=1+0.163+0.006 Arte f +2.6 | —3.4| + .o18 
u" " 
=+239.0=+1.171+0.00 Se esee f =tnge4 0.0 | — .024 
Ha= + 239 ag 7 y Ones: f +5.3 | +6.4 | +0.003 
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Lalande 43492. a=22"r2™r58 = 5 = + 12°24" 
Mor. Ev tx b Ap M v 
Wass 8.761 —9°o — 1°2 +1.12 — 388 — 3 
7.550 3.786 —8.0 ain Ong 1.24 +1285 =-12 
8.515 8.764 —6.0 + 0.5 1.30 — 53 aE 
7.553 3-747 =A. “er. 2 I.06 +1289 ae 3 
7.545 8.761 —4.7 + 4:5 1.16 — 400 —12 
7.550 3.826 —3.5 + 5.0 Ee ys +1269 +6 
8.515 8.764 —o.2 + 6.5 Tyee — 57 -- 4 
7.545 3.745 +2.0 +11.0 -+-1.09 +1261 —24 
No. Br. x y w 
+60.01 fa t14.51 r=+20240 eee! bf | +2/r'| +6/9 | +0002 
+14.51 Hati11.74 7=+ 5029 papa : ee Mia ae ss 
mw =+16.5 =+0%042+0"008 eee MEE Hera | seal eee 
= = ” PEA Rear. f —6.0 | —4.7 | + .002 
Ma= +333 -3 +o-841 ae OR Soe bf —2.7 | —2.7 | + .034 
VERee 38 b —4.0 | +4.3 | —o.or5 
SCephei a=22b25™278 = g=+57°s 4! 
Mor. Ev th ay Ap M v 
6.580 7.788 —14°2 —11°0 +1.10 —4 + 1 
6.578 7.783 —12.0 — 8.7 TeLO: =~ 5 +10 
6.580 7.788 — 9.7 TS tf) —I12 —7 
6.578 4.884 — 8.0 TAR, 1.35 a —- 3 
7-553 7-783 = Pele eA 1.22 =9 Saat? 
ee 5-762 + 0.5 + 8.5 I.14 =a + 2 
7553 53770 -+- 2.0 =f LO. — 8 —13 
OE RY 5-762 + 4.5 +12.5 +1.14 +15 +10 
No. Br. x y . 
res 4 +3/2 | +4!1 | —o%002 
+16.84 wat 4.16 r=+56 oy TS) 08 000 
+e 4 te Bip, f Spier nce han i || ssi <Ko,0°5) 
+ 4.16 p.4+-10.89 r=-+ 5 Avsrd bf | —o.3 | —6.6 | — .002 
T =—0.9=—010020005 S-+.5| bE | —1.5| 4.9 | —<coon 
= . - 0) b —4.I | —1.4] — .o10 
Ma=+3.6=+0.009+0.004 hee b —5.8| +0.8] + .o14 
San f = Eo e 13 eee 
Gaus f —07.4 | - 5.6 | —" 010 
Our { —2.3 | +o.r | —0.003 


178 


STELLAR PARALLAXES 17 


N.G.C. 7635 «= 23"16™108 5= +60°30' 


Mor. Ev tx ta Ap M v 
9.598 7.791 — 8°2 cs +1.04 + 6 —2 
9.595 7.788 — 4.7 == Gis) 1.04 8 ° 
9.598 7.791 — 4.0 — 1.2 1.04 9 +1 
6.578 6.906 —= 4:0 — 1.0 I.50 2 —8 
9-595 7.788 — 0.5 = 52 I.04 7 —I 
6.578 6.906 0.0 == 3.2 I.50 16 +6 
6.575 TOs +-6.0 -FIl.o I.1I0 8 +1 
6.575 7.783 +10.0 +16.0 +1.10 +7 fe) 
No Br. x y 7 
16.20 uo 3.87 r=+30 me eee bf +2/2 | +1r/0 | —o"o005 
+ 3.87 wetir.24 7=+74 : oes a ae oe 1 ee 
mw =+6.5=+0"016+0"%002 tee bf | +0.8 | —7.3 | — .022 
= = " yy bit tet: bf —3.0] —1.6 | + .007 
Ha= +0 .3=-F0.001 0.002 6m: f —4.9 | +5.4 | + .0o2 
Fishes Sh f —o.8 | +2.5 | —0.012 


Mount WILSON OBSERVATORY 
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THE ORBITS OF FOUR SPECTROSCOPIC BINARIES 
By R. F. SANFORD 


ABSTRACT 


Elements of spectroscopic binaries—Orbital elements have been derived for the four 
binaries, Boss 1131, H.D. 101206, B.D. +55°2215, and BGC 9818 S (Tables IV, VI, 
VIII, and X). 

The spectrum of B.D.+-55°2215 bears a resemblance to that of some of the Cepheid 
variables, but has elements which differ widely from those characterizing these variables. 
Its light is not known to vary. 

Measures of the northern component of the visual binary BGC 9818 give a radial 
velocity in substantial agreement with that here derived for the southern component. 

Dwarf spectroscopic binaries —The dwarf binaries H.D. 101206 and BGC 9818S have 
periods and eccentricities which conform with those found for the majority of dwarf 
spectroscopic binaries, while Boss 1131, another dwarf, has neither a short period nor a 
small eccentricity. The velocities of the center of mass for these dwarfs are not exces- 
sively large, although the values for Boss 1131 and BGC 9818 S are somewhat above the 
average. 


This paper deals with the orbits of the four spectroscopic binaries 
whose designations, co-ordinates for 1900, apparent and absolute 
magnitudes, proper motions, parallaxes, and number of orbital 
revolutions included by their respective observations are listed in 
Table I. For the first three the absolute magnitudes are those deter- 
mined spectroscopically by Adams and his associates, from which the 


TABLE I 
Nis Spectral] Vis. Abs. No. 
Name ven @ (900) 5 (1900) Can Me. bad Tsp. Rey. 
BOSSTIST.: 9. 6.8 | 454278} +18°33’ Go 5.0 | o%440 | 07044 88 
He De xOT200 se -.| °O,.2.| TI. 33.7 42 52 K3 ey) 0.49 050] 114 
BeDsss°oars.:|. 6,5 | 10 20.2 55. 3 6G" |=070 | 5.47256 .003| 12 
BGEo8rsS...-| 755.| ro 56-6) +12 28 F3 El Ne ae brag 0.040 | 104 


parallaxes follow by the well-known formula. In the last case the 
parallax given is one derived by Russell from considerations of 
visual binaries. The absolute magnitude has been computed from 
this parallax. All four stars have been previously announced as 
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spectroscopic binaries.’ Reference may be made to the introduction 
to Mount Wilson Contributions, No. 201,7 for general remarks which 
are also applicable to points in this paper. The details for each 
binary follow. 


BOSS tial? 


Boss 1131 has a spectrum classed as Gs at Harvard‘ and Go by 
the Mount Wilson observers, which gives an absolute magnitude of 
+5.0, thus placing it among dwarfs. Only the lines of the primary 
star are present. 

Eight plates secured in the interval 1913-1918 definitely estab- 
lished variation in its radial velocity. These plates, however, were 
so widely scattered as to give no clue to the period. Observations 
begun in 1920 showed changes in velocity that, for a time, were 
ascribed to a period of about a day. Following this assumption the 
writer has accumulated a considerably larger number of plates for 
this spectroscopic binary than for the others he has investigated at 
this observatory. This accounts for the bunching of observations at 
certain times. 

Table II lists the data for forty-three spectrograms obtained with 
one-prism dispersion and an 18-inch camera in conjunction with 
both the 60-inch and too-inch reflectors. Numerous trials finally 
led to the much longer period of 45.454 days, which affords a satis- 
factory assemblage of all observations at a single epoch. The possi- 
bility of a superposed short-period velocity-variation will be alluded 
to later. The above-stated period cannot be changed more than 0.01 
day without, in certain cases, seriously disturbing the distribution 
of observed velocities upon the velocity-curve. The number of 
orbital revolutions covered by the observations, together with the 
possibility of a superposed short-period variation, seemed sufficient 
justification for not including this element for correction by least 
squares. P=45.454 days is therefore considered determined. 

* Boss 1131, Publications of the Astronomical Society of the Pacific, 31, 41, 19109. 
The other three stars, ibid., 36, 137, 1924. 

2 Astrophysical Journal, 53, 201, 1921. 

3 B.D.+18°734; A. G. Berl. A 1309; Pi 190, H.D. 30455. 


4 The Henry Draper Catalogue states that H6 is unusually strong. Slit spectrograms 
do not bear this out. 
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To facilitate the least-squares solution and minimize any dis- 
turbance from a short-period variation, normal places were formed 


TABLE II 


OBSERVATIONS OF Boss 1131 


Plate No. Date G.M.T. Phase Velocity O—C Wt. 


km/sec. | km/sec. 

PY RAT Oe astite ioc wsliare 1913 Feb. 13 | 16533™| 99463 | +44.9 | — 3.1 |.......- 
BULOurns tects se 1914 Feb. 6 | 16 39 3.833 OAS Og Wate 4. Ou a ts ister 
BOO gies cee es Nov. 25 | 20 52 23.288 ATs 2a tl —TO..8 | siestere stare 
EXO OIRO ICE Dee-+27-|\920-49 9. 832 ST. Oop Ptowese Sh | recelsverene 
AOR ee ete xcs Tors Heb. es\er7 33 24.241 AGRE tO 2 pllnel etek 
COR Mia ee ee 1910 Nov 8 | 22 28 I0. 089 BN ON mnt a Ost ureters 
ASO atte otecstesa aco. TOLy Jan. 3r | 58-15 3.005 6253 7l=-4=7.0..60. |e ete 
ODI eS abere sre > TOTS: We. 1272510 cee 1) 0928 ere Siete tears 

ey ow os ao Doe 1920 Oct. 27 | 22 08 4.547 52.8 | — 4.1 I.00 
Tei Gaoome ter Oct, 23e|20. 25 5.478 5357) |e 0nd I.00 
OO A Grarare fas s 208 5-0 Octrrsir | 23787 8.610 53.0 | + 4.0] 1.00 
TAT ee te js ieihiels 6 Nov. 2 | 22 52 10.578 45-9 | — 1.4 | 1.00 
Ohl edewehee HO DOL eG Nov. 20 | 19 45 28. 386 nae lee teywei || eiinte;e) 
CRESSOIN ceteterels = fe Dec. 18 | 17 40 10.906 48.2 | + 1.2 I.00 
AO OO Olaisitarelsis aie bn Dec. 22 -| 18 ar 14.935 46.3 | + 0.5 I.00 
GOS O amie cierel ais o/s DEC sO ens. 17 22.808 Ag. O | == 0.3 I.00 
OmO2 ie catia en's Tok Jane 2e)) 1s 25 Aq. 622 69.0 | — 3.011 “1.00 
OCT ie ais aicleiless- Jan. 24 | 18 55 2.505 62.0] — 1.4 | 0.50 
QO 20 era's Guanevre"s Feb. 20 | 18 04 29.470 46.2 | — 5.0 I.00 
QOS Sictsis <istarsrctess Feb. 21 | 16 02 | 30.385 Sencillo | oh as 
WE SOS esi sisicis sie sie. Feb, 22) |) 55 43° "| 32.373 BELT) | (— ta2 .50 
GOO eee sstsiess oes Fep237|)15 26) leg. 355 53. 7a —TOs2" | 20.50 
QOS whorls, harass.» Feb. 24 | 14 SS. || 33.339 59.2 | + 4.2 I.00 
EVIOOO Ue aisie sisi s 1s Mar. 16 | 15 51 7.923 ee ill Py eee I.00 
OOO ins) claicteiraie' sts Mar. 17 | I5 40 8.916 42.8 | — 6.0 I.00 
OE OAO cee aaa, stsss0 8 Mar. 19 | 16 12 10.938 49.4] + 2.4] 0.50 
Ry there is wie eis shee Mar. 20 }] 15 59 II.920 40.6 0.0 I.00 
PYELOUY Stee uit nas Dees 7" |"17 00 1.247 68.8 | + 0.8 1.00 
TOOGO ie secretes suexecs DEC yop 23722 Tases O3039 | tag 00 I.00 
OME Liehese:cisie cieis' 1922 Jan. 12 | 17 37 | 37.274 60.4 | — 0.4] 1.00 
ROL G bene wre yay sis nie Jan. x3-| 9x9 37) || 382357 60.8 | — 2.1 | 0.50 
PHS 26 eisieve ele cies © janie TAUIeOn23 39. 388 68.6 | + 3.6 I.00 
VETOVOAreae rie oem ot sjante rs) ers. 20 40.184 65.0 | — 2.6 I.00 
LOPHO mista tes ie cersics Janets | or 27 40. 384 68.0 | + 1.0 I.00 
TAGS oreters cious vere" Dec. 52) 16035 0.505 79-3 | + 9.3 I.00 
Tid OO aise ccrotac Dec. 5 | 20°42 0.770 61.8-| — 7.7 | 0.50 
PIAA Ae eee was Deca Oslo =r 0.907 78.2 | + 9.2 | 0.25 
Ge2O87 .aiscenran ns 1923 Jan. «I } 21 35 27.806 50.8 | + 0.8 I.00 

PAO a scrrsaee es Sept. 1 | 23 ss" | 43.634 75. 8-|-=+- 3..01| eI.co. 
im 2A inte ieeve acevo oaks Sent. 275) 0-45. | 23.207 46.6 | — 0.9] 1.00 
Ky T2200s o/s <isaae esis Oct. 30°} 22 21 11.660 44.5 | — 2.2 | 1.00 

T2ZOO. woven ea e's Nov. 25 | 17 54 | 37.478 5S.0) |i —) 223) | | t-00 
TOROS. erenin ee ore 1924 Jan. 17 | 17 58 | 45.024 |] +68.0 | — 4.3 I.00 


by combining, in a single mean, series of observations taken close 
together, due consideration being given to the nature of the veloc- 
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ity variation at the particular epoch. The observations made be- 
fore 1920 were not included. The seventeen normals thus formed 
(Table III) gave, by Russell’s method, preliminary values for the 


TABLE III 


Norman PLaces—Boss 1131 


No. Phase Limits of Phase Velocity O—C Wt 
km/sec. km/sec. 
Tein ke 01692 of60- odor = 7aaw +4.3 5 er 
ae Shen csi 1.379 I.25— I. 51 66.0 —r.6 2.00 
eee sat 2 SSOCY ee ta eR Renan 62.0 Ton 0.50 
ieee te 7.303 4. 55-10. 58 ee +o.6 4.00 
iearices te 9. 782 7. O2—-L1. 02 47.5 —O-4 3.50 
Oates ETO ee ne eie aces sis 44.5 —2.2 I.00 
Y Pate en 12.921 10. QI-14.94 47.2 +1.0 2.00 
ronan eae 7 Ppetets ah Whee) ee eee 47.6 +0. 3 I.00 
Ofer aces BRS GOT Te whaiatsvain Mane grt « 40.6 =O. 9 I.00 
TGs pice ia ey Geote 6) atl ny eeet See EER 50.8 +o.8 I.00 
EE ey | DO. SOC a eter eee ents nase si Br.2 +0.8 1.00 
Teaser Sure 31.468 29. 47-33-34 Pty —O76 a525 
iS op ee BY SR ey mn Sind ee whic ee 58.9 —2.3 I.00 
Eda seis 39. 202 37-27-40. 38 65.0 +0.4 4.50 
TES Morera caret SCORN || umm ete. as whee. +3.0 I.00 
2G Re eee PWR gn as ee eee ey A 69.6 —=3.6 I.00 
Li ech ear BECODA Ea tee niet ete aie oh +68.0 —4.3 I.00 
TABLE IV 


ELEMENTS OF Boss 1131 


CoRRECTIONS 
i aainiom FINAL ELEMENTS 
First. Sol. | Second Sol. 
d OER TEE TOV) ats MA ae ne erniy eae, SOR ot 459454 
Oo mowe ee es 0.55 — 0.160 | +0.001 0. 391 +0. 038 
Wipe oes 39° —13.96 +1.44 26°48 =6°52 
ae PERL Ae 14.0 — 1.16 | +0.73 13.57 0.45 km/sec. 
U ep Ree eee J.D. 2423030.89 | — 0.445 | +0.016 | 3030. 4610. 482 
ie eee +55.0 —o.18 | —o.16 +54.66 km/sec. 
PSS oe Ween ce ete eeiotan & xen, eos aol eee meen 7,810,500 km 
m3 sin3 7 
lek waster rer Res erin eM ca ont nak hone acme 0.0092 © 


five remaining elements. Two least-squares solutions resulted in 
two sets of corrections to be applied to the provisional elements, 
and gave data for deriving the probable errors. Table IV gives the 
preliminary elements, the two sets of corrections, and the final ele- 
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ments with their probable errors, derived from a probable error 
-+t1.9 km/sec. for a normal place of unit weight; a sinz and the mass 
factor have been added. 

Figure 1 shows the computed radial velocity-curve with the 
seventeen normal places plotted as circles with radius 1.2 km/sec. 
Individual observations are too numerous to admit plotting in this 
manner. 

The column headed ‘“O—C” in Table III gives the differences 
between the value of the velocity of a normal place and that 


km/sec. 
+80 


+70 


+60 


+50 


+40 
+40 Days 


Fic. 1.—Velocity-curve of Boss 1131 


computed by the final elements. The corresponding quantity in 
Table II has been found by scaling off the difference between the 
individual velocities and the computed velocity-curve. 

The largest of the latter residuals, — 12.6 km/sec., is from plate 
¥Y 5231, whose quality is decidedly poor. The others are all numeri- 
cally less than to km/sec., and, by themselves, perhaps would not 
be seriously questioned, even for a spectrum as satisfactory as that 
of this star. The disturbing feature is best displayed by such runs 
of observations as those in the intervals October 27 to November 2, 
1920, and December 5-6, 1922, where the range in velocity seems too 
great to be explained by the dispersion employed. The second set, 
however, involves two plates of low weight. An attempt to fit the 
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residuals to a short period has not been successful, as is perhaps to 
be expected when the variations themselves are at most but slightly 
greater than those legitimately to be anticipated from the dispersion 
employed. Hence the existence of this type of variation remains un- 
settled. 


H.D. 101200" 


This star was observed for absolute magnitude because its known 
proper-motion indicated low luminosity. The discordant values for 
radial velocity from the first three plates led to the discovery of 
its binary character. The spectrum, at all times single, is of spectral 


class K3. 
TABLE V 


OBSERVATIONS OF H.D. 101206 


Plate No. Date G.M.T. Phase Velocity O-C Quality 
km/sec. km/sec. 

CP AIO cites oe 1920 May 1o | 18hor™ | 49332 | +19.1 | — 0.2 | Poor 
BOS a. cses Ig21 Jan. 24 22 40 5-191 | +26.2 | — 2.9 | Good 
OSs rae Apr. 11 IQ 27 4.550 | +10.9 | —11.3 | Good— 
ETQS Gs sees July 13 | 16 o2 6.997 | +39.5 | — 1.8 | Good* 
16S y Ae 1922 May 12 16 46 0.026 | —20.4 | — 7.5 | Poor 
1740 June 10 | 17 40 3.233 | + 5.2 | + 0.3 | Far— 

PLL LAGU a8 or ores 1923 Jan. 3 © 22 2.842 | +11.1 | +120.9 | Poor 

EDEOS oe Jan. 4 o 00 3.827 | +21.2 | + 8.5 | Poor focus 

Cereror cease. Feb. 1 © 34 6.018 | +34.2 | — 2.1 | Fair+ 

TEIAQ a cs se May 2 18 42 6.356 | +40.6 | + 2.4 | Fair+ 

ASRS iaresnie pens May 4 18 30 8.348 | +42.8 | + 2.6 | Fair— 

evED EVOL gramteins May 5 17 45 9.317 | +27.6 | — 6.0 | Fair+ 

TL7OF 2a eek May 6 17 03 10.288 | +18.4 | — 3.8 | Fair— 
2a 8T iat ee May 31 I7 09 9.458 | +31.2 | — 1.0 | Good 
PE is dee HE June 27 16 30 10.598 | +23.0] + 5.2 | Fair— 
Y LESOS cies lee June 28 16 40 11.604 | + 4.4 | + 1.7 | Good* 
T2A08 occ ciosies 1924 Jan. 18 ° 36 8.268 | +35.6 | — 5.0 | Good 
POAT Pe ees Jan. 19 ° 38 9.269 | +35.0 | + 1.0 | Fair+ 

(220407 eee. Jan. I9 | 21 04 | Io.122 | +22.8 | — 1.6 | Fair+ 
BOAA Mots ete Jan. 20 | 21 28 11.138 | +10.6 | + 0.9 | Good 
DOBT ree. Feb. 18 ° 06 0.497 | — 9.0 | + 6.2] Fair 

ET OCO Tn nae Feb. 20 | 21 39 3.395 | + 0.8 | — 6.3 | Good* 

Cy ds ol, Apr. 18 | 16 36 9-519 | +32.4 | + 0.8 | Fair 
Sy VAS eee ae May 19 | 17 00 1.783 | —13.8 | — 2.4 | Good— 


* Seven-inch camera. 


The apparent magnitude, spectral class, and winter observing 
season form a combination unfavorable to obtaining uniformly good 


* B.D.+43°2135; A.G. Bonn 8141; Furuhjelm 36 (Finska Vetenskaps-Soc. Verhand., 
59, 1917); Cin. 1435. 
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exposures. Some plates have been made at the 60-inch reflector with 
a widened slit, and three were obtained with the dispersion furnished 
by a 7-inch camera on the one-prism spectrograph. The quality is 
in several cases not of the best, as is indicated in the last column of 
Table V, which gives the observational data for the twenty-four 
plates obtained. The best grouping for the velocity-curve was ob- 
tained with a period of 12.9167 days, which can hardly be in error 
more than 0.002 day since 114 orbital revolutions separate the first 
and last observations. Provisional elements obtained in the usual 
way and then corrected by inspection appear in Table VI. Since they 


TABLE VI 
ELEMENTS FoR H.D. 101206 

12 aa CORE RO yr 12799167 RE Sere ie J.D. 2423549.34 
Cee fain fits wns 0.08 oat tore +15.3 km/sec. 
(DS nh, Ree eee Rae 154°0 GSM eo sae 5,090,000 km 
iS hie cee ae 28.8 km/sec. me sin3% 

————........... : 6 

(m+m')? pie IRS 


reveal no points of more than ordinary interest it did not seem worth 
while to seek any refinement in the values of the elements because 
of the considerable labor involved in obtaining more and better 
plates. The residuals in the sixth column of Table V are quite satis- 
factory for the quality and number of plates involved, and do not 
seem to justify the extra effort necessitated by a least-squares solu- 
tion. 

Figure 2 shows the velocity-curve derived from the elements in 
Table VI. The barred circles represent observed velocities derived 
from the three spectrograms of low dispersion. 


B.D.+55°22157 


This star has been classified in the Henry Draper Catalogue as 
K2+A3, a composite spectrum, and assigned two numbers. The 
spectral class derived at Mount Wilson is about cG6, which not only 
accounts for the abnormal strength of the hydrogen lines, probably 
the reason for calling the spectrum composite, but is also consistent 
with the fact that the hydrogen lines seem to share the Doppler 


1 A.G. Hels. 10554; H.D. 184398-0. 
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shift of the other lines. The spectrum resembles that of X Cygni 
near minimum light, and closely duplicates that of Boss 1074, which 
has c-characteristics and a radial-velocity variation in a period 
which, although pretty certainly long, has not yet been determined. 
The spectral lines of B-.D.+55°2215 are at all times single, and do not 
change in character to any notable extent. 


km/sec. 


+50 


—2 ° +2 +4 +6 +8 +10 Days 
Fic. 2.—Velocity-curve of H.D. 101206 


The measures of the second plate showed an undoubtedly vari- 
able radial velocity which was confirmed by the next two plates. 
Since May 1, 1920, the star has been under observation each season, 
and at present fifty spectrograms of suitable quality are available 
(Table VII). This number is somewhat larger than usual because of 
a suspected short-period variation, superposed upon the period of 
approximately 110 days. The shorter period was not confirmed—in 
fact was only suspected on the basis of some measures of weakly 
exposed plates. Considerable effort was expended in deriving the 
period (108.5707 days), which can hardly admit of a change as great 
as 0.05 day, and which has been adopted as final. 

The points in Figure 3 represent the observed velocities collected 
with this period. Russell’s method, with subsequent adjustment, 
partly by least squares and partly by trial, gave elements which 
define the velocity-curve shown in Figure 3. The representation is 
satisfactory, and these elements are adopted and given in Table VIII. 
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TABLE VII 


OBSERVATIONS OF B.D.+55°2215 


Plate No. Date G.M.T. Phase Velocity O-C 
km/sec. km/sec. 

FYE OL J O\e.ov ere ie, 09, « 1920 May 1 23532™ 241587 —22.7 +4.6 
POLO Fictarcs aisiaieee 1921 June 13 2I 45 106. 800 — te es 
BOROO ane 6. cte.033 July 20 22 56 35-279 —26.6 —2.3 
BIOS SIs (esciola sic Aug. 13 19 36 59.140 — 1.4 =0.6 
MOSS Aeetcarie ova fai ore Oct. 12 16 18 10.431 —I7.0 +o.2 
MOS QO): sic eter ois,/6/s Nov. 6 16 17 35-430 VAS e —1.4 
(Gy aay ele renorreten 1922 Feb. 16 © 34 28. 205 SOURS. —0.7 
HS Tpakevecacvs eines. Feb. 17 I 06 29.227 — 23.2 +3.8 
Ue] Otc oI OTOR Feb. 18 i Inds 30. 233 —2T. 4. +5.2 
WEEOOUS a. cidete cists 1.3 Mar. 7 © 42 47.210 7 —2.6 
MCSELOA AL eesatare < ae = Apr. 6 23 42 78.169 +14.2 —1.6 
PAT LVOAO it eie 1s aie. 9:s May 11 22 20 4.544 Sse fe | —6.5 
CE LOGO ois isle sve 2's May 12 22 23 5.542 — 7.8 +4.2 
YEE LOOS \cnciletetri aera as June 7 20 36 31.469 2350 +2.4 
TOO Gas tesallstoy'ate's. x June 8 18 08 32.367 Oo 3.7 
MCSarT 73 Oietanire cacao: « June 9 18 24 33-378 —32.2 —6.8 
DAD perecey siete is. «)3)% June ro 19 42 34.432 —25.0 —o.I 
Ler Eaaig Bae July 2 18 43 56. 3901 <A 2 =o 
ASU O Araya tetera sisis > July 2 23 38 56. 596 SEES —4.5 
MEE O chee eel sierds ets July 3 TO. 27 yAey Ee ae SS +5.9 
AON OM alle. sfatatesoie.s July 3 23 39 57-596 — 136 +0o.7 
TMCS Atal hats iopavsyaere July 4 22 50 58. 562 + 0.6 +2.2 
TIZOO |e ios vt gansrenre July 16 20 42 70.473 +11.1 +0.5 
TiO larievars, piss) s0sie Aug. 5 16 04 go. 280 -F-15.0 +0.4 
Toy 2 Over taal by ceavs\ fe Aug. 5 20 40 90. 472 Smilin ye) —0.2 
ETO eae Aah eal vs Aug. 30 16 51 6.742 —I0.8 +2.6 
RRO trae fers Sept. 1 i512 8.673 —I0.2 +5.8 
ETSOO sclera Sept. 3 16 40 10. 734 —YOr2 —2.0 
(Cer SOA ona Sos Sept. 5 17 20 12.762 —20.2 —1.2 
HOM OE sew ae es Sept. 8 20 27 15.892 —24.4 —2.0 
IRE a earer aoe Oct a TAL er 41.662 —T9..2 FO, 7 

SY ETUNS SS otsy eal: eho! n. ora OSes I5 49 42.699 =—15.6 =—09O.1 
DSR OO ovine sak Oct: 7 I7 OL 44.749 eee —4.8 
TELA Gaels tar aes foie ss DEGAS Is to 103.672 +.9.2 +6.7 
(Ch oe eee aera 1923 May 3 22 09 35.822 200 +2.5 
PYM EA OR wen: «| ciate! are May 5 20 50 STN 707 —22.0 +o.1 
Tel 7 Ose ce raysectcttie May 6 20 45 38. 763 22638 —o.1I 
BIOTA ie cieh stents June 23 23 19 86.871 +15.8 —I.0 
(Si AOS eae eee June 26 18 22 89. 664 +16.8 +1.0 
ENOO Vroposte reverts. «= June 29 20 I0 92.739 +20. 5 +6.3 
TLOSOn i vaeyclehve«* July 4 at 53 97.811 + 9.4 —0.5 
TV ES aoe Doe Octe3 rae 79-974 +20.0 +3.7 
BOQAA anole ctarers ars Oct. 28 16 58 105.035 Zee DMG) +1.6 
a2 OO ce taterstarns Ass Nov. 25 16 00 24.424 =r. i —3.8 
(COL Ea eaaer cet 1924 May 18 23 42 Qr.176 “i362 —1.8 
AGO ene hala's 01 May 19 21 50 92.102 +14.0 —o.6 
OS Gates wre are June 17 Dar 20 12.594 ne —6.2 

TREO 1Odre calcein 4.23 July 13 17 06 38.320 —23.1 —0.4 
Pe OC ew hata July 14 16 37 39. 309 —24.2 —2.4 
AO et dherare were a 4 July 15 735 40. 348 —22.0 TO 
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The residuals O—C in Table VII have been scaled from the 
velocity-curve of Figure 3. The agreement is typical of plates of this 
dispersion and spectral character, and gives no indication of a super- 
posed velocity variation of short period. 


km/sec. 


° +20 +40 +60 +80 +100 Days 
Fic. 3.—Velocity-curve of B.D.+55°2215 
Aside from the spectrum, there is little to lend support to the 


Cepheid character of this star; for it is not known to vary in magni- 
tude, and its orbital elements in several respects are markedly 


TABLE VIII 


Evements B.D.+55°2215 


Peo ethene ie eae FOOT S70 Ia eh pot reed J.D. 2423375.760 
Cha Deh ars ee eas OnO 54a e Mi ee at eee —5.2km/sec. 
0. ee nce er ae 8720 OSI a eee eas 33,040,000 km. 
Reon Vcc ees 22.1 km/sec. m2? sin3 i 

Gene dle oils (Ale tesehohetere ere 0.1222 © 


different from the so-called elements of the average Cepheid vari- 
able. In addition, the period-luminosity law would demand a 
luminosity far greater than that consistent with the usual spectral 
considerations. 
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BGC 9818 st 


This star is the southern component of a visual pair whose posi- 
tion-angle and distance according to Burnham’s General Catalogue 
remained sensibly constant at 350° and 4”4, respectively, during the 
interval 1866-1905. The spectral class is F3 and is at all times that 
of the primary. The marked change in radial velocity revealed by 
the second plate was borne out by the later plates. Twenty plates 


TABLE IX 


OBSERVATIONS OF BGC 9818S 


Plate No. Date G.M.T. Phase Velocity O—C Quality 
km/sec. km/sec. 
7y11883......| 1923 June 24 | 23h21™| 39862 | —64.2 | — 0.2 f+-* 
INU Ooty eee July 24 | 23 28 2.578 | —64.7 | + 7.0 f-— 
T2UTAR cc st Sept. 23 7, 58 0.770 — 2.8 — 0.5 f+ 
TPS denen ieee Sept. 24 16 53 me727 — 36.5 —'2.2 g 
BAGS Oi enc hc Dept. 27 16 27 0. 238 —17.4 — 6.0 {+ 
TA 2AS Save wes Oct. 28 15 28 4. 387 —32.5 — 2.0 g 
O20 S Oe 5 isis Oct. 29 I5 14 0. 898 — 6.0 — 4.0 g 
TORO gis sev Oct. 30 I5 30 I.gIo —49.8 =s0Ee g 
HaR en as) LO24 Apr. 10 23 42 1.399 —I2.3 O14 g 
ORT OCR. a 5 Apr. 17 23 10 2.377 —73.0 — 8.6 f— 
(Ch hy Woo ee Apr. 18 | 23 42 3-399 73.5) 4 758 f+ 
TZOAG sie cls May 16 | 22 08 0.045 —20.4 | + 0.1 f 
TI0GS 0. os May 17 2I 45 1.024 — 5.2 0.0 f+ 
e277 OR aoe oie May 19 22 56 3.078 —9o1.8 = 9.5 vg 
RY VG cancer June 17 22 08 0.673 — 6.6 — 6.5 g 
TOV SS ees ces July 13 | 18 36 4. 261 —52.0 | —I2.0 vg 
TOO Deere. July 14 Ly ae 0. 760 — 0.9 — 0.8 f 
TEV OT cs o> «. July 15 |. 18 54 r.804 | —33-3 | + 5.2 g 
T2030 oe tere Sept. 10 17 40 0. 646 + 7-6 |tr956 g 
TOA Bi aiay-10' Sept. 11 72d. 1.634 —29.8 ==. 01,0 g 


* {=fair, g=good, vg =very good. 


obtained between June, 1923, and September, 1924, seemed to be 
of such quality and distribution as to define the elements of the orbit 
with a precision adequate for this case, which presents no particular 
interest. The period, 4.4698 days, found by trial, does not admit of a 
change greater than 0.002 day, and has been adopted. The elements 
derived, as in the preceding cases, are based upon the observations 
in Table IX. After slight modification by inspection, the comparison 
of the resulting curve with the observations (Fig. 4) and a considera- 
tion of the magnitude of the residuals in Table IX made it seem 


I> 2613; B.D.+10°4143; A.G. Leipz. 7630; H.D. 189783. 
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unlikely that a least-squares solution would afford any material 
gain. The adopted elements appear in Table X. 


km/sec. 


fo) +0.8 +1.6 +2.4 +3.2 +4.0 Days 
Fic. 4.—Velocity-curve of BGC 9818S 


The radius of the circles representing the observations in both 
Figures 2 and 4 is 3 km/sec., a quantity slightly larger than the 
probable error to be expected in such cases. 


TABLE X 
Evements BGC 9818S 
Y gras doy CES iret rc ate ATAGOON @ Lee. aac eRe J.D. 2423802.192 
Ce ee eee duet: 0.10 VSP EAS Le OEE — 43.0 km/sec. 
AE a Ol eR OR SECO Aa 204°5 SID Oe eee eet 2,526,000 km 
ee es 41.3 km/sec. me? sin3 i 
Fb ie eae ee .00322 
(m-bm,) Biba 


Two plates of the northern component show its spectrum to be 
nearly the same as that of the southern component. Their measures 
agree as well as could be expected and give —39.3 km/sec. for the 
radial velocity, a difference of —3.7 km/sec. from y determined 
above. The probable errors will account for this difference. 
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In conclusion, it may be noted that three of these stars may be 
classified as dwarfs. The second and fourth are additional examples 
of dwarf binaries whose periods and eccentricities are both small as 
compared with those of giants—a fact to which attention has been 
called.t The first star, however, is a dwarf having both a period of 
considerable length and a decided eccentricity. It is also perhaps 
worth noting that the values of 7 for both Boss 1131 and BGC 9818S 
are rather large. 


Mount WILSON OBSERVATORY 
November 1924 


* Mt. Wilson Contr., No. 251, 445; Astrophysical Journal, 56, 454, 1922; Lick 
Observatory Bulletins, 11, 132, 1924. 
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ANALYSIS OF RADIAL VELOCITIES OF GLOBULAR 
CLUSTERS AND NON-GALACTIC NEBULAE 


By GUSTAF STROMBERG 


ABSTRACT 


List of radial velocities of globular clusters and non-galactic nebulae—Table I con- 
tains a list of all measured radial velocities of globular clusters and non-galactic nebulae, 
the great majority of the determinations being by Slipher. 

Solar motion.—The sun’s motion relative to the two classes of objects studied is 
given in Table II in rectangular equatorial co-ordinates (—£, —n, —f) and in polar 
co-ordinates (Ao, Do, Vo). The value of the sun’s motion relative to the nebulae i is 
344 km/sec. toward Ap=305°, Do=-+56° and, relative to the clusters, 329 km/sec. in 
the direction A>=320°, Do= +65°. 

Curvature of space-time. —On the basis of De Sitter’s theory of curvature of space- 
time, we should expect to find for very distant objects a shift of the spectral lines 
toward the red end of the spectrum. According to Silberstein, we may expect a shift 
either toward the red or the violet. The correlation-coefficients between distance and 
radial velocities give no clear evidence of curvature in either De Sitter’s or Silber- 
stein’s sense, at least up to the limit of distance studied. The only definite correlation 
is one between radial velocity and position in the sky, indicating a solar motion of 300 
or 400 km/sec. in about the same direction for both classes of objects. 


The determination of radial velocities of globular clusters and 
of non-galactic nebulae is very difficult on account of the faintness of 
the objects and the absence, in general, of bright lines in their spec- 
tra; but through the perseverance of Professor V. M. Slipher, a fairly 
large number of such velocities has been derived. Two reasons 
prompted the writer to study these velocities. One was the large 
solar velocity found from these objects, which, in connection with the 
asymmetry of stellar motions, indicated that a fundamental refer- 
ence system could be defined by them. The second reason was the 
desirability of ascertaining whether the velocities give any evidence 
of a curvature of space-time.t Through the courtesy of Professor 
Slipher it has been possible to make use of his radial-velocity de- 
terminations up to a recent date. 

In Table I are collected the data on which the computations are 
based. Slipher’s determinations are given without references; for 

1 After this paper was ready for printing, Lundmark’s article, ‘““The Determination 
of the Curvature of Space-Time in De Sitter’s World,” appeared in Monthly Notices, 


84, 747, 1924. Lundmark’s conclusions as to space-curvature are about the same as 
those found in this study. - 
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TABLE I 


RapIAL VELOCITIES OF GLOBULAR CLUSTERS AND Non- 
GALACTIC NEBULAE 


Vi 
N.G.C. a (1900) 5 (1900) 
Slipher Others Mean 
km/sec km/sec. km/sec 
DEES oot 0'37m2 -+40° 10’ = 200") “Mi aeGipa Get crare| Mencken eee 
Dante eRe ers © 37 +40 43 — 300 — 320* —315 
BU Soa eae aas o 46.4 +47 1 See Le Mid Emig ncianca a codgos 
AOR iaicvarete's Ta sn0 35 11 — 25 . [satiate caine al]eeeertestoras 
ROA Ss cysts ole I 26.3 — 7 229 T8002 | ascensccle senate ll eR eee 
BOGee atic: I 28.2 +30 9 — 260 — 7ot — 70 
O43 Ovarian 222-5 — 1 36 HTZOO% . - |ievare cinustantee cuete | easyer eeereees 
L O22 ie tatters 2 34.1 +38 38 fo BOO —,  e aisucis eneuesk tell eve tere ee atone 
TOOS Mec 2 37.6 — 0 26 --1120 + 814t + 916 
u Ny Love Spuetca ee A 52.0 Ls Ui) sere pst sal sarees +> 8009 |. comenmsmoners 
BORT eee 8 46.4 Sy eet ell Repo =f) 700|| antec ee 
BOP ash crs/ecetore 8 46.5 +33 48 “1-400 |e Seamrctvarnk as | aeree nee 
DUAR sisson are 9 15.1 +51 24 A GOOL fe care iat cere oc ee Oe ee 
Pier k tena ir peri 9 47.4 +69 32 ee CM Siacmede criems| omivcanc noc 
OSA mete are» 9 47.6 +70 Io = -2O0 ~ al sac veoh anusenl| (ey rennet 
PBT ras ay ts, 08 iXoh (ORY — 7 14 > GOO. iif areas mentee | sive era mene 
ciclo}; Bane er IO 41.5 +12 21 t OA0'r. <1) | Scioauae cereal See eee tee eee 
Rar O aro nears IO 42.6 +13 7 + 780 + 845§ + 812 
ASO Moe ee ae Fe IO 55.0 +14 26 f= GOOSS |p creo ca temiacnsts | presencia eas 
BBB thos ‘alte 5 Lem GroPey, + 0 30 Gi KCl at hee rite orciso rc beveras 
BOF wrcroks cle oie II 13.7 +13 38 =f 800° fui Sarsrate nye ott crete teres ee 
BOOT secs 3 Tr 15.0 +13 32 = 680, vote rater eree teneen rae 
4IIl. ih GANS +43 37 > 8063" || Cuea acct lee eee eee eee 
BEE eects « ots T2 Res +39 58 + 980 + 940] + 950 
AQUA alesis. I2 10.6 +36 53 eB OO Na x ele ee ecotare ol] eearaire aeeegteatee 
Bons Oe) ena I2 I4.0 +47 52 BOO} Doulas sates ttatat | eee eee 
AaB eet alt oo I2 20.3 +18 45 BOOK | [anecactiatece (ase ove' | ae ae eres 
BAAR ome ties 12 22.3 +44 39 mb ZOO. il csster tye vavehdsc “ches all een et eee 
Ui Res Se 12 24.7 + 8 33 a ak) X° a ER Oy eric eats Oe reas ccacnc 
BASO Se eee I2 25.6 +12 57 HF BOOMS mp 's-< taeie aera aero | eee eee nee 
BRO oe sinew oh,s I2 29.0 -+- 8 15 “t=! BBO ~, 9. | ies sakes ygrecell We rene aes 
ASO tet onan I2 31.4 +26 32 -PIIOOS -\|Piincteiee tee nee ane 
AR Gd ape tiene I2 34.8 —II 4 +1100 +1180** +1140 
ASAQ IE tL ete I2 38.6 +12 6 “ARTOOO™ | [is sje nels Sl en ee ee 
AY30 se erie = I2 46.2 +41 40 “290 ~ saa ete aceite ere ee eee 
AS2O se cera oe 12 57.8 +22 14 tESO. = | 5) Secale ais, ye noe 
ROOK: comet ce Ta 16e3 +37 36 “Q00. | sanate, Rese. doy ra ee 
SOs See ees = T3023 +42 34 “ASO — Ne ahale ait dee a tell oreceee eee eae 
pity Benner Eee +47 43 IY oe Kae eto a soa on eco 
ETO ne Neca T3 25.7 +47 43 tr BAOS |i vote a nciere bien ene cee 
B20. se ee a3. bed! —20 21 =f BOOS) © °|\a)s. 0! erevele suekeroue | oe eee eo 
OOO merece s Thess 560 9 = ‘650. » \.|Nacieje beets cyan ene eee 
7331..-...-.. 22 32.5 +33 54 5 Gao Paes Ai eis eee, dante nic 
Magellanic { ey —OOGS calls rree ae be OB TTT. Mic eer cetera 
clouds <..2.. £6 =< REALEE BUZAR cate crener + eLO8T Ty senor 
ROY hes OR Oi Si 5 10.8 —40 9 fe 85 9 i'|s5.4 ea eeevadnl eee eee 
GOA cate pesiteas 5 20.1 —24 37 ee ae em or onbess erie Gasset 
CLEP Sous et Seen 13 8.0 +18 42 — 170 — 20o0ft — 180 
50) ao Rear ry 37,6 +28 53 — 125 — r4oft 130 
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TABLE I—Continued 


Vv 
N.G.C. a (1900) 5 (1900) 

Slipher Others Mean 

km/sec km/sec. km/sec. 
BOOMER ais 1551375 + 2°27’ ele TO Ie gen ohn | aparece eee 
O003 550600 =\-.s Tier —22 41 Fy (on has ae eee a IN ain ere 
GO 205 rete 16 38.1 +36 39 — 300 — 2308§ — 265 
O2Gtonratens 16 42.0 —— BETA Oe Weil etre ese = 1OOLL! |sanaeinnenr: 
O22 mcm es 16 44.2 +47 42 ce wi Reve od | ee tenieer bye h ed Pan uee Aion 
O200 gen. - 16 54.8 —29 58 ape MERON wil econade eet Mor cemmios OorG 
O27 See Ire eiss 16 56.4 2 Gee ain eel kl PA eter anal NEN aoe Oct 
OBES arecte tse voes Dylans —Toe25 eee A ecarnersamnel Remon poo on. 
Goan. Ly TAS Tt +43 15 = <LOGy WP ltee emer eens | ns cern 
OO205.2. «arise 18 18.4 — 2455 0 ant Ane ie oral NTO Ge 
OO AG ara.anyits 20 29.3 7d. =a BOO La) iili-aye green are cree | erat atarerees ators 
POW Oe et arere es 20 25.2 +11 44 — 95 — o3tt — 94 
TOO wer eaaiea 3020.3 —s 50 ==! PEO cata a retarac ee | aman ereteeetee 
OOO mes iasieisie' 21 34.7 — 23-38 a 1 fee RPI AIEEE PIAA os TSC 


* Mean of several determinations. 


t Slipher has measured a knot north following the nucleus, whereas the Mount Wilson determination 
is based on the spectrum of the nucleus; A.S.P. Pubs., 28, 33, 1916. 


t Mount Wilson measures give V=+765; A.S.P., 2'7, 133, 1915; and Lick Observatory gives V= 
+864; L.O. Pubs., 13, 88, 1918. 


§ Mount NVilson, A.S.P. Pubs., 30) 255, 1918. 

|| Zbid., 34, 222, 1922. 

q L.O. Pubs., 13, 122, 1918. 

** Mount Wilson Comm., No. 32; Proc. Nat. Acad. of Sciences, 2, 517, 1916. 
tt L.0. Pubs., 13, 168, 1918. 

tt Sanford, unpublished. 

§§ Mean of 4 stars, measured by Adams, Joy, and Humason. 


other observers, references are given in footnotes. In the list 43 
nebulae stand first, most of which have spiral structure, although 
several are irregular or globular. Then follow the Magellanic clouds 
and 18 globular clusters. The probable error of the radial velocities 
for the nebulae is probably about 50 km/sec. and for the clusters 
about 25 km/sec. The more uncertain values are marked by one or 
two colons. 
THE SOLAR MOTION 


The elements for the solar motion were first determined. The 
equations of condition used were of the following form: 


— cos a cos 6+7 sin a cos 6+ ¢ sind+K=V (x) 


where £, 7, and ¢ are the rectangular equatorial components of the 
group-motion as referred to the sun. The co-ordinates of the sun’s 
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apex (A, D,) and its velocity (V.) relative to the groups of objects 
studied are determined by the equations’ 


V. cos A, cos Do=—E 
V, sin A, cos DD=—7 (2) 
Vasine 2s =—f{. 


Several solutions were made to test the effect of omissions, espe- 
cially that of the large velocity +1800 km/sec. of N.G.C. 584. 
Whether we ought to include the Magellanic clouds among the non- 
galactic nebulae is doubtful, but solutions were made including these 
objects, both with and without K-terms. The results of the differ- 
ent solutions are given in Table II. The second, fifth, and seventh 
solutions for the nebulae were made after the radial velocity of 
N.G.C. 584 had been omitted. This omission seems to be justified 
on account of the small number of objects used. In the last solution 
for nebulae and clusters, 13 and 8 groups, respectively, were formed 
by combining objects near each other in the sky, the different groups 
being given equal weights. The probable errors are given below the 
numbers to which they belong. The bracketed probable errors for 
the right ascension of the sun’s apex are reduced to a great circle. 
The quantity o is the mean square residual velocity. 

The first solution for the nebulae is identical with Lundmark’s? 
values, which are based on practically the same material. His values 
are: 

&=— 96=+48; n=+138+108 km/sec. 

f=—629+90; K=+793+ 59 km/sec. 
By omitting N.G.C. 584, the velocity of the sun decreases from 600 to 
500, or to even less than 400 km/sec. The last solution for the nebulae 
is probably the best and agrees closely with that derived from the 
globular clusters. The position of the sun’s apex as determined from 
the nebulae and clusters can be fixed at a=315°, 6=+62°, with an 
uncertainty of about 10° in each co-ordinate. The velocity as deter- 
mined from nebulae and clusters is 350 and 300 km/sec., respectively, 
the latter having the higher weight. 


« Several writers omit the negative signs of the right-hand side, and instead give Vo 
a negative sign. As the direction of the sun’s motion is given by A, and Da, it seems to 
the writer that V. must be used without sign. 


2 Observatory, 47, 279, 1924. 
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TABLE II 


Sun’s Motion RELATIVE TO NON-GALACTIC NEBULAE 
AND GLOBULAR CLUSTERS 


E | n | t | K | Ao | Do Vo o Remarks 
No. 
Non-galactic Nebulae 

km/sec.| km/sec.| km/sec.| km/sec. km/se0;| km/sec. 
43..-|— 98 |+112 |—610 |+785 311°] +76°| 628 | 345 

= 62 |+=140 |=115 |= 75 | (=o)| +10 |+115 

Mag. clouds omitted. 

42*...|—1096 |+162 |—450 |+647 320 | +61 517 | 302 

+ 58 |+127 |+106 |= 72 |(+12)| +11 |+103 
45...J—170 |+231 |—246 |+565 |+306 | +41 378 | 380 | Mag. clouds included with K-term. 

= 66 |+=150 |= 94 |+ 65 |(13)| 17 |=121 
45-.-|—I09 |+121 |—506 |+737 312 | +72 53I | 344 


+ 60 |+120 |= 97 |+ 69 |(+10)| +10 |+ 97 


44*...]—205 |+162 |—386 | 616] 32r | +56] 468 | 308 
se 56 |=12r1 |= 89 |= 65 |(+12)| +11 |= 89 


45...|— 65 |+142 |—332 |+668 | 205 | +65 | 367 
2102 |}+188 |+=144 |+ 94 |(+19)| +26 |+120 


Mag. clouds included without K-term. 


13 groups with equal weights. 


44*...|—111 |+160 |—284 |+622 | 305 | +56] 344 |.... Mag. clouds included without K-term. 
= 89 |=160 |=124 |= 82 |(+22)| +21 |+124 


Globular Clusters 


18...]— 79 |+108 |—253 |+ 25 306°] +62°| 286 | 113 


+ 42 |= 41 |+ 50 |= 30 |(+8) | = 9 |+ 4o 
18...]— 81 |+ 84 |—261 ° 314 | +66 286 | 114 K=o. 
s 4r | 27 |= 47 (#7) | = 71+ 45 
18...}—104 |+108 |—288 |+ ar 314 | +63 COT AN (a rare 8 groups of equal weight. 
= 45 |= 43 |= 60 |+ 32 |(+8) | + 8 |+ 58 
r...}—106 |+ 88 |—2990 ° 320 | +65 a at a 8 groups of equal weight, K =o. 
a gx |= 28 |= 53 (+6) | + 7 | 50 


* N.G.C. 584 omitted. 


The reality of this large solar motion can perhaps best be judged 
from the correlation diagram in Figure 1. This shows the correlation 
between observed radial motion and cos \, where 2 is the angular 
distance from the sun’s antapex, which is assumed to be the same 
for the two classes of objects. If we omit N.G.C. 584, the correlation 
coefficients between V and cos \ for nebulae and clusters are +0.54 
and +0.73, respectively, and the equations for the regression-lines 
of V on cos ) are, respectively, 


V =452 cos A+648 and V=295 cosA+4. 
The Magellanic clouds are indicated by crosses in the diagram for 
the clusters, but are not used in the derivation of the regression- 
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lines. All indications are that we are justified in our assumption of 
a vanishing value for the K-term for the clouds. The dotted hori- 
zontal line corresponds to K = +616 km. 

The assumption of a constant K-term for the nebulae is probably 
only approximately correct; the K-term is probably much larger for 
N.G.C. 584 and smaller for the Andromeda nebula than for the rest 
of the objects. A variable correction to the wave-lengths would 
account for the fact that the dispersion in radial velocity is larger 


© Nebulae Clusters 


— 500 — 3500 
—I.0 0.0 +1.0 —1.0 0.0 +t1.0 


Fic. 1.—Diagram showing correlation between radial velocities (ordinates) and 
cos A (abscissae) for nebulae and clusters. 


for the nebulae than for the clusters. The vanishing value of the 
K-term for the clusters can be seen directly from the second scatter- 
diagram in Figure 1. 

The direction of the sun’s motion is very nearly the same as that 
derived from the asymmetry in the distribution of stellar velocities 
on the assumption of the existence of a velocity-restriction in a 
fundamental reference-frame.* The direction of the sun’s motion as 
derived from the asymmetrical velocity-distribution of stars in our 
neighborhood is a=327°, 6=+61°, and its velocity relative to the 
stars of highest velocity-dispersion is about 280 km/sec. 


* Mt. Wilson Contr., No. 275; Astrophysical Journal, 59, 228, 1924. 
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RADIAL VELOCITIES AND CURVATURE OF SPACE 


In Professor de Sitter’s' theory of space-time of cosmical extent, 
a constant radius of curvature has been postulated, the expression 
for the line-element ds in space-time being given by the equation 


ds?= —R'{dx?+sin? x (d@?+sin? 6 d¢?)|-++cos? x dé? . (3) 


This expression is the equation of a hypersphere in five dimensions, 
the distance along a geodesic to a point being given by p=Rx, 
where R is the curvature-invariant. Equation (3) differs from Ein- 
stein’s expression for an elliptical (or cylindrical) space-time by the 
factor cos x for dt. In Einstein’s world, the time-dimension is not 
curved, and the difference in curvature between space and time 
makes it possible to single out a fundamental space in which all the 
matter in the universe is at rest, and an absolute time, which is the 
time for an observer at rest in this absolute space. De Sitter’s world, 
on the contrary, is perfectly isotropic. 

When the distance to a star is very large, the variable x=p/R 
may differ appreciably from zero, and when x=77/2, the interval 
ds becomes independent of dt. This is interpreted as meaning that 
the time appears to slow down at large distances, and we sbould 
accordingly expect an apparent slowing down of the atomic clock, 
i.e., a Shift of the spectral lines to the red end of the spectrum. Such 
an effect would produce a fictitious positive radial velocity. 

In Silberstein’s’ opinion, if we make the assumption that the 
motions are so adjusted that they are necessarily small when the 
object comes near the sun, we may expect a shift either to the red or 
to the violet. 

The present collection of radial velocities can be used to ascer- 
tain whether the measured radial velocities are dependent upon the 
distances of the objects. The velocities of some globular clusters 
have been used for this purpose by Silberstein, but the result cannot 
be regarded as conclusive. One thing is obvious, however. If the 
nebulae studied are at about the same mean distance as the globu- 
lar clusters, or if they are nearer, we cannot regard the large positive 
K-term as a De Sitter effect, as the K-term for the clusters must be 

t Monthly Notices, 78, 3, 1917. 

2 Monthly Notices, 84, 363, 1924; Phil. Mag., 47, 907, 19243°48, 619, 1924. 


201 


8 GUSTAF STROMBERG 


very small. On the basis of De Sitter’s theory, we may expect an 
increase of radial velocity (V) with distance; on Silberstein’s theory, 
an increase of radial velocity, without regard to sign (|V|), with in- 
creasing distance from the sun. 

The writer has derived coefficients of correlation between dis- 
tance, on the one hand, and radial velocity with and without sign 
(V and |V]), on the other, and similar coefficients after the velocities 
have been corrected for a solar motion of 300 km/sec. (V’ and |V"J). 
The data for these correlations are collected in Table III. The dis- 


TABLE III 


CORRELATION TABLE 


Objects No. Variates rT Regression-Lines 
CHIstels ss nits y- 5 eee V,p —o.06 V=—1.338 p+2; 
p=—o.0029 V+19 
Tom aero lV|, p +o. 26 |\Vj=+ 3.282 p +773 
p=-+o0.0200 |V|+16 
sBeeas V’, p +0.02 V’=+0. 326 p+18; 
p=-+o.0016 V’+19 
mae IV’|, p +0. 33 \V'|=+2.770 p+433 
p=+0.0403 |V'|-+15 
Lit PRON c V,cosX | =-0-73 V=+295 cos A+4; 
cos A=-++0.001820 V—o.05 
Nebulae.......... Zee Vie +o. 28 V=+1.323 p’ +545; 
ar p’=+0.0596 V+53 
20 neni: V’~, 2 +0. 23 V’=-+0.960 p’ +639; 
p'=+0.0566 V’+52 
AT pater V,cosX| +0.54 V=+452 cos A +648; 


cos A\=+0.000647 V—0. 54 


tances for the globular clusters (p in kiloparsecs) are Shapley’s* deter- 
minations. For the nebulae we do not know the distances, but we can 
probably get some rough indication of their relative distances by as- 
suming that they have nearly the same total brightness. As a measure 
of the distance I have consequently used the quantity p’=10°:?”, 
where m is the total apparent brightness taken from Wirtz’s? study. 
The correlation coefficients (7), together with the equations for the 
two regression-lines, are given in Table III. As an illustration, the 
scatter-diagram and the regression-lines for the correlation between 
|V| and p are given in Figure 2. They may be compared with the cor- 

t Mt. Wilson Contr., No. 152; Astrophysical Journal, 48, 154, 1918. 

? Lunds Observatorium, Meddelanden, Serie I, No. 29, 1923. 
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relation data for V and cos) as given in Table III and Figure 1. For 
the nebulae, the correlation between |V| and p can be regarded as 
equivalent to the correlation between V and p, as nearly all the radial 
velocities are positive. The same holds for |V’|, which is nearly 
identical with V’, as the K-term obviously must not be subtracted. 

From Table III we see that the only correlation which can be 
accepted with any confidence is that between radial velocity and 
position in the sky (V and cos )). For the nebulae, the correlation 


400 


300 


200 


100 


° 
° ie) 20 30 40 50 


Fic. 2.—Scatter diagram showing correlation between radial velocities without 
regard to sign (ordinates) and distances in kiloparsecs (abscissae) for globular clusters. 


coefficient is only +-0.54, but the fact that the solar motion is nearly 
the same for the nebulae as for the clusters strengthens our belief 
that the correlation is real. 

De Sitter’s effect can be regarded as disproved by the clusters if 
their distances are of the same order as those of the nebulae. Silber- 
stein’s effect seems possible, but cannot be established by the data. 
It is significant, however, that the regression-line for the clusters, 
|V|=3.281 p+77, does not go through the origin as expected from the 
theory. Silberstein’s correlation is slightly improved if the radial 
velocities are corrected for the sun’s motion.’ 


t This inclusion of the Magellanic clouds among the clusters does not materially 
alter the size of the correlation coefficient. ‘ 
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In conclusion we may say that we have found no sufficient reason 
to believe that there exists any dependence of radial motion upon 
distance from the sun. The only dependence fairly well established 
is one that is a function of position in the sky. This indicates a solar 
motion of 300 or 400 km/sec. in the direction a=315°, 5=+62°, 
which agrees with the solar motion as determined from the asym- 
metrical velocity-distribution of stars in our neighborhood. 


Mount WItson OBSERVATORY 
November 1924 
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THE ASYMMETRY IN STELLAR MOTIONS AS 
DETERMINED FROM RADIAL 
VELOCITIES 


By GUSTAF STROMBERG 


ABSTRACT 


Group-motion and velocity-dis persion for different classes of objects —From all avail- 
able radial velocities the group-motion and velocity-dispersion have been determined 
for all classes of objects with the aid of ellipsoidal distribution-functions. For spectral 
classes Bo-M the stars have been grouped according to the quantity H=m-++s log u. 
The constants of the velocity-ellipsoids for fifty groups are given in Table I. The results 
show a continuous change in group-motion with internal velocity-dispersion, which is 
expressed by a quadratic relation between group-motion along an axis in the direction 
a=309°8, 5=+57°x1, and the dispersion along the same axis. The group-motion pro- 
jected on this axis varies regularly from 9.0 km/sec. for the Cepheids of long period to 
300 km/sec. for fast-moving objects, globular clusters, and spiral nebulae. 

Velocity-distribution for all cosmical objects —The velocity-distribution for the whole 
collection of objects studied can be expressed as a product of two symmetrical distribu- 
tion-functions, S,;and $3, with different centers of symmetry. The center of the distribu- 
tion S;, which itself is expressed as a sum of concentric, ellipsoidal distributions, cor- 
responds to a velocity of 14.8 km/sec. in the direction a=85°7, 5=—22°0, and the 
center of the second distribution, S32, is a velocity of 300 km/sec. in the direction a= 127°, 

=—56°. The opposite vectors are the velocities of the sun relative to these centers. 
The first distribution can be interpreted as the distribution-law of velocities within our 
local system of stars, and the second as a velocity-restriction in a universal world-frame 
in which the clusters and spirals are statistically at rest; but other interpretations are 
also possible. 


1. It has been known for some time that the general distribution 
of stellar motions cannot be represented by a single ellipsoidal dis- 
tribution (the ellipsoidal theory), by two or three spherical dis- 
tributions (the two-stream and the three-stream theories), or by any 
kind of symmetrical frequency-functions. The existence of an 
asymmetry has been pointed out by Charlier; Boss, Raymond and 
Wilson; Adams and Joy; Oort, and the present writer, and is 
easily seen from the fact that stars of high velocity (larger than 100 
km/sec.) do not move with the same frequency in opposite direc- 
tions, but all move toward the region in the sky limited by galactic 
longitudes 134° and 343°, a region including little more than a 
hemisphere. This phenomenon is perfectly general, so far as we know, 
no exception having yet been found. The asymmetry is indicated 
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by an increase in group-motion in a certain direction with increase 
in the velocity-dispersion within the group. In Contribution No. 275* 
it was shown that, with the exception of the B stars, a quadratic 
relation between group-motion and dispersion represents the data 
fairly well. If this quadratic relation be accepted, it leads to the 
conception of a velocity-restriction in a universal world-frame in 
which the spiral nebulae and globular clusters are statistically at 
rest. As itis of importance to find to what extent and how accurately 
the quadratic relation between group-motion and dispersion actually 
represents the known stellar velocities, an analysis has been made 
of all available radial velocities. The results of this analysis are given 
in the following pages. 

2. Practically all radial velocities utilized in this study have been 
printed in the publications of the different observatories, except 
those of the Cepheids of short period and some of those of long 
period for which data have been furnished me by Adams and Joy. 
The radial velocities for the non-galactic nebulae and the globular 
clusters have been summarized in Contribution No. 292.2 The 
method of procedure used was to find the group-motion, relative to 
the sun, of a certain class of object, and determine the velocity- 
distribution relative to the centroid of the group with the aid of an 
ellipsoidal frequency-function. In many cases it was possible to use 
physical criteria for the grouping of the stars, such as spectral char- 
acteristics, length of period of light-variation, and nebulous appear- 
ance, which enable us to form groups of objects of different average 
velocity. Absolute magnitudes have not been used, since we have in- 
sufficient knowledge of this characteristic of stars in the southern 
hemisphere. To obtain a grouping in classes of different velocity- 
dispersion, the apparent magnitudes and the proper motions were 
used in combination with the spectral types. In order to secure suffi- 
ciently large groups all stars within certain limits of spectral sub- 
division were taken together and subdivided according to values of 
the quantity H=m-+5 log u, where m is the apparent magnitude on 
the Harvard scale, and p the annual proper motion, taken in general 


t Astrophysical Journal, 59, 228, 1924. 
2 Astrophysical Journal, 61, 353, 1925. 
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from Boss’s Catalogue or Cincinnati Publications No. 18. It is easily 
seen that 
H=M-5 log T—8.378, (1) 


where M is the absolute magnitude and 7 the linear tangential 
velocity in km/sec. 

As we know that the average velocity increases in general with 
M, and as we have strong reason to believe that a large tangential 
velocity is correlated with a large radial motion, we may expect that 
the grouping according to H will enable us to form groups of the 
same spectral class but with different velocity-dispersions. When 1 
has been used as the basis for grouping, we can regard the procedure 
as a dissection of a velocity-distribution in several overlapping com- 
ponent distributions, whereas, when we use the other criteria for the 
grouping, we obtain the constants for a group with certain physical 
properties. As the proper motions, except for the ‘moving groups,” 
are not used in the computation of the constants of the velocity- 
distribution, the main effect of selection in the list of known radial 
velocities is to change the proportion of objects belonging to the 
different groups. 

3. In the following we will denote the radial velocity of a star 
relative to the sun by V; the right ascension and declination by a and 
5 (1900.0); the galactic longitude and latitude by / and b; the equa- 
torial velocity-components by &, 7, ¢; and the galactic velocity- 
components by x, y, z. The galactic system used is the standard 
system, the north pole of the galactic plane having the co-ordinates 
a=190°, 6=+28°. The equations for converting equatorial into 
galactic co-ordinates are thus: 


x=+0.1736 £—0.9848 9 
y=+0.4624 E+0.0815 n+0.8829 £ (2) 
2=—0.8695 £—0.1533 7 +0.4695 £ 


From the radial velocities of the stars in the group we determine 
first the group-motion, which has the components £, 7, and ¢, from 
the equations of condition 

~ cos a cos 6+7 sin a cos 6+¢ sin 6+ K=V, (3) 
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where K is Campbell’s K-term. Changing the signs of &, 7, and £, we 
obtain the components of the sun’s motion relative to the objects 
studied. Denoting the right ascension and declination of the sun’s 
apex by A, and D, and its velocity by 2, we have 


% Cos A, cos Dyp= —E 
v sin A, cos D=—7 (4) 
v sin D=—¢ 


In the determination of the axes of the velocity-ellipsoids the 
directions of the principal axes have been assumed to be the same for 
all the groups. This is probably not strictly correct, but facilitates 
the computation and is often necessary on account of the small 
number of objects in several of the groups. The assumed directions 
of the principal axes are: 


a 5 1 b 
A ON Bats Sake oe We 271° 5 —17°r 341°1 — 0°97 
Uist Beet oraie fe Bo7 6 Or. 2 TL aO + 5.6 
Crate Mevsicisishe ele 188.9 +22.5 25005 +84.4 


The direction of the axis denoted by 0 is made identical with the 
axis of asymmetry as determined in Contribution No. 275, which is 
in fair agreement with one of the principal axes of the velocity- 
ellipsoids. The letters a, 6, and ¢ represent, in the following, the dis- 
persions (square root of the mean square of the velocity-components) 
along the three axes, and determine, at the same time, the axes of 
the velocity-ellipsoids. 

To determine a, 6, and c from the radial velocities, the following 
method was used. On a map circles were drawn around the six points 
where the three axes intersect the sphere. These circles had in gen- 
eral a radius of 45°, although in some cases, when the number of 
stars was small, the radius was increased to 50° or 55°. The resid- 
uals from the equations of condition (3) were computed and the 
arithmetic means of these residuals, disregarding their signs, were 
formed for the stars within the circles just mentioned, opposite areas 
being combined. Three values, 6,, #,, and 6,, of the average residual 
velocity were thus found. From these values the dispersions a, 8, 
and c were derived by making the assumption that the velocity- 


208 


ASYMMETRY IN STELLAR MOTIONS 5 


distribution within each group could be represented by an ellipsoidal 
distribution-function. Such a function can be expressed by the 
formula 


Et | M oe oee 
ee oe 908 (27)? abc exp| 2a? 2b? ae |e (s) 


The number of stars is here denoted by NV; x, y, and z are the 
velocity-components along the principal axes, and the components 
of group-motion are denoted by x, y, and z. From equation (5) we 
can derive the frequency-function of radial velocities for stars in dw, 
a small region of the sky, whose direction-cosines referred to the 
principal axes are 71, Y2, and y;. We find, if we denote the residual 
(peculiar) radial velocities by V’, 


, is 
Ra oni = €XP ee e : 5 | EG) 
Vonl(ay2teyitey) — L2(eyit bit 7%) 
From equation (6) we derive 
Vso =a t+ Piito7y , (7) 


where o is the mean square radial velocity for a small region in 
the sky, defined by its direction-cosines 7, Y2, and 73. 

If we form the mean square velocity for stars in circles of angular 
radius p, whose centers are at the intersections of the axes a, b, and c 
with the sphere, and denote by a”, 6”, and c” the means of the 
squares of the velocities for the three areas, we obtain, after combin- 
ing opposite areas, 
b?+¢ 

2 
ae at Ea 
2 
a?-+-5? 
as 

_1+cos p+cos? p 
3 
Solving these equations for a, 6, and c, we find 
(3P—1)a?=(1-+P)a”—(1—P) ("+c") * 
(3P—1)b?=(1+P)b"—(1—-P) (a +c") (8) 
(3P—1)e=(1+P)c” —(1—P)(a” +5") 
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a” =a? P+ 


tf) 


b° =? P+ 


(1—P) 
Cae PE (t—P) 
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For the particular case of p=45° we have 
a?=1.4379 a” —0.2189 (b” +c”), 


and similarly for 0 and c. 

The values of a’, b’, and c’ have been derived from the average 
velocities 6,, 6., and 6, by multiplication with V r/2=1.2533. The 
effect of isolated large velocities is thus less than if the squares of 
the residual velocities had been used. 

4. The detailed results of this analysis for fifty groups are given 
in Table I in the form of constants for the velocity-ellipsoids. This 
includes practically all known radial velocities except a few R and N 
stars, which are too few in number to be used as separate groups. 
The first twenty-nine groups include spectral types M, K, G, F, A, 
and B, and are all independent of one another, except group 27, which 
is a combination of groups 23-26. Groups 30 and 31 are the Cepheids 
of long and short period; group 32 contains the O stars, the elements 
being derived from Plaskett’s radial velocities. The results from 
R. E. Wilson’s study* of the space velocities of the O stars are given 
as group 33. Group 34 including stars with c characteristics (sharp 
spectral lines), is practically identical with the Pseudo-Cepheids; 
groups 35 and 36 are the bright-line nebulae (spectral class P). In 
the latter solution six objects of*very high radial velocity have been 
omitted, the radial velocities determined by Campbell and Moore 
having been used.? Group 37 is based upon the radial velocities of 
the long-period variables, taken from Merrill’s* determinations, and 
38 is a group of Me stars with periods between 150 and 210 days, 
which in general have higher velocities than Me stars of other lengths 
of period.4 Group 39 consists of the globular clusters, the solution 
given in Contribution No. 292,5 based upon Slipher’s determinations, 
having been used. Group 40 contains the spiral, elliptical, and ir- 
regular nebulae (by Hubble called “‘non-galactic nebulae’’) with con- 
tinuous spectra, which are later referred to as “spirals.” The 


t Astronomical Journal, p. 841, 1924. 

2 Lick Observatory Publications, 13, Part IV, 1918. 

3 Mt. Wilson Contr., No. 264; Astrophysical Journal, 58, 215, 1923. 
4Cf. Merrill, op. cit., p. 44. 

5 Astrophysical Journal, 61, 353, 1925. 
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TABLE I 


Group No. I 2 3 4 5 6 of 


Type..............| Mo-Mg | Mo-Mo K4-Ko K4-Ko K4-Mo Go-K3 Go-K3 


Uys ve ereceeeceeers 14.6 21.4 20.9 34.1 16.2 20.0 14.7 
Opciones e er ekres 14.0 20.8 14.0 22.9 30.1 I2.0 12.9 
Dae aerate tate: cretk o,elevere:a 14.3 19.9 14.0 21.9 29.6 11.8 13.2 
Pat. cna Stes —11.6 —I4.7 21.0 —28.1 —1I7.9 —1I7.2 —12.0 
YEA CIS ETOAC — 6.6 —19.4 — 8.8 —II.I — 6.9 — 9.1 — 6.1 
Remind win aiae sina — 6.1 — 4.4 + 0.8 —16.4 + 4.3 — 5.2 — 6.0 
(Ware Reiners vain Se 18.8 34-7 19.4 28.0 46.7 15.8 18.5 
Dreyer ie vies vx 'savee 17.4 23.1 15.2 24.5 24.8 13.8 14.0 
Cheats ew ba warns 17.0 20.5 18.7 23.8 35.8 I3.0 10.7 
(CSOSA OO Ce 19.4 39.0 20.4 29.6 52.2 16.7 19.6 
Deen PPh te cave cor 17.1 20.4 3. 23.0 fa 13.5 13.6 
CRT cies o8 Rene k> 16.5 I5.0 19.2 22.6 aor 12.2 16.6 
ot ae eee — 7.0 — 3.6 —14.3 —19.4 —1I2.5 —10.8 — 7.6 
ee PTE OK oxnsciecdin —12.1 —24.6 17.4 —25.5 —13.7 —16.7 —II.9 
enon OS COCEE DOU — 4.3 — 0.6 + 3.5 —12.5 + 6.5 — 2.6 — 4.2 
Group No. 8 9 Io Ir 12 
PLY pekitnwite cee wen Go-K3 Go-K3 Go-K3 Go-K3 Go-K3 
5 El eres VS Pie OP ae ROR —1.9 to —1,0 | —o.9 too.0 +o.r1to +1.0} +1.1 to +3.0/+3.1 to +12.0 
NOs sss salaraie%e 102 139 109 100 I04 
Ta ectleiectem vA esas — I-40 — 0.47 + 0.40 + 1.87 + 5.06 
Waa: Ae 8 SiG Wis iotentiw.a 5-20 5-23 5.20 5-5 7-07 
[Raieeicie/sioas¥ Rser)s.ni\s s 0.0479 0.0724 0.109 0.183 °.600 
2 SS aE eRe — 4.0 — 1.4 + 1.6 — 9.4 Saye 
We rele ce chcjaievae s,s aici Feria! aie ey / +36.8 +15.0 
Rertanteitoad shades UR 15.7 14.5 =—10)i 20d 
Bice rcceccsnsncees + 0.6 — 1.2 + 2.9 1327 + 3.2 
ae Geataatiee area's 9 2355 21.4 42.8 120.1 
PRS Ah Se Oe 288° 275° 264° 284° 273° 
DF ee aay Oe aoe +42° +43° 127° +55° 
ee aie EN 14.3 23.0 20.8 41.7 23.6 
Pee donee: 17.0 18.4 Bax 24.6 23.3 
DuCimR ae caneuavernes 17.3 18.3 19.4 20.1 23.2 
Re errant wens ee —I2.9 —17.4 —I5.2 —37.9 —14.9 
Vite. Seats > cee — 7.1 —13.1 —10.8 —18.7 —18.1 
iden ears Aaa sree — 1.7 — 8.8 —10.6 — 6.8 —II.5 
Ed cratclate ale cnvndenies 22.2 24.6 26.8 38.0 32.2 
Depiie vires 2I.5 22.5 21.6 30.5 32.5 
(ee DOO OLE 18.2 18.9 20.0 31.8 23.5 
Biahate b stein iene wie tre 23.2 26.0 28.9 41.9 Say 
einai ste oreietalelers 2". < 22.0 22.7 20.4 28.0 34.3 
Soeecny cuceuwas ons 76.35 16.5 19.2 30.4 18.3 
ee er gone res — 7.9 — 9.0 — 8.2 —24.3 — 4.5 
We omctcndt ce aaiewery Ny 12.5 —20.9 —18.2 —35.2 —24.5 
te OOS Ra hanes as othiwe + 0.2 — 5.6 — 7.9 — 1.2 — 7.8 
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TABLE I—Continued 


Group No. 13 * 3% 15 16 17 18 
VDE sae asia cae Go-G8 Go-G8& Go-G8 Go-G8 Fo-Fo Fo-Fo 
EDS, ove cta vain ote.e ies ate: sate =-—2.0 —1.9 to +1.1 to +s5.1 to =-2.0 —1.9 to 

+1.0 5.0 +10.0 0.0 
IN Oat cralsiseetc wieieiie's 144 I31 154 III 86 70 
TRS ea eRe — 3-37 =— 0.53 + 3.190 + 6.51 — 4.35 — 0.74 
Wisc ves VERS Res ces 5.09 5.67 6.01 7.23 4.80 5.52 
jeg nonnGoeKac oon’ 0.0169 0.0575 0.2720 o.718 0.0148 0.0560 
Eyer hu -sisre + 4.0 — 0.3 — 6.1 —11.9 + 5.2 — 1.8 
TF a, ake adaware atin yee +11 .6 +17.2 +25.9 +37.4 +18 <2 +14.7 
(EERO ORS —11.8 —II.4 — 8.1 —13.7 —II.5 12.4 
| CE RCO CTE + 2.0 SEER G OY Hl cateretctel «aia teefeillctaisters cats iauavers —o.r + 0.5 
iterate ae bes se 17.0 20.6 27.8 41.6 22.1 19.3 
251 271° 283° 287° 254° 277° 
+44 +34° “Er7° +10° +31 +40' 
15.9 20.6 26.5 30.2 2n.§ 18.9 
12.1 rhs 23.2 32.9 11.2 14.9 
II.5 I5.0 21.0 30.4 Tle 15.4 
—I10.7 —16.9 —26.5 —38.9 —17.0 —14.8 
— 7.6 — 8.8 — 7.8 —14.6 — 6.2 —10.6 
—10.8 — 7.8 — 2.5 — 1.8 —12.7 — 6.5 
16.5 23.2? 38.8 42.9 18.1 22.2 
¥34 17.3 25.0 34.5 11.9 18.8 
14.1 13.8 20.9 34-4 15.3 15.8 
17.6 25.8 44.0 46.2 19.7 24.0 
12.4 16.5 21.7 32.4 9.0 18.6 
13.6 9.4 12.7 32.1 15. 13.2 
— 5.8 —10.7 —19.6 —27.2 —12.0 — 7.9 
—13.4 —16.90 —19.7 —31.2 —1I5.4 —17.2 
— 8.8 — 5.2 + 0.6 + 3-1 —I0.4 — 3.9 
Group No. 19 20 21 22 23 24 25 
Fo-Fo9 Fo-Fo4 Fo-F 9° Bo-Ag, B6—Ag B6-Ao B6é—Ao 
+o.1 to] +3.1 to +5.1 to S-—3.0 —2.9 to —1.9 to —o.9 to 
+3.0 +5.0 +14.0 —2.0 —1.0 0.0 
82 38 188 138 133 130 
45 ete s04. | 1.903) P=" 4042 | es Aso Om eon ag 
53 6.09 7.61 5-15 5-15 5-14 5.12 
153 9.355 0.766 0.0122 0.0305 0.0479 0.0773 
3 — 4.5 —36.6 — 1.2 + 4.6 + 3.2 + 0.5 
° +35.8 +20.9 +13.4 +12.5 +16.5 +22.8 
8 = 055 —99.5 =A a tehez! eines S129) 
tt ene tociacael RSD OCR — 0.3 — 0.3 0.0 0.0 
6 36.1 108.1 22.0 14.8 17.1 23.1 
277 330° 275 250° 259° 260° 
fo) +67 +52° +26° +10° +10° 
4 3.2 67.9 20.3 14.0 15.8 21.6 
2 25.0 4.1 10.1 10.2 12.7 10.9 
8 21.0 70.6 9.9 10.0 2.7 10.5 
-2 —36.1 —27.0 —13.4 —II.5 15.7 —22.3 
eS + 0.6 —103.1 —14.8 — 2.5 +o.1 — 1.4 
6 — E57 —18.1 — 9.2 — 8.9 = 6.7 — 5.7 
aE 41.1)5 IIo\s 13.0 12.8 17.0 14.8 
Xe) 25:8) 81 12.4 13.8 16.6 12.0 
-6 25.0 7° 10.6 10.0 10.9 42.2 
-9 48.4 122. 13.0|7 12.5)7 17.7)? 15.4)? 
23 14.8 76. 12.0 14.1 17.0 10.6 
ao 18.1 BB 8.7 7.2 ey | 10.7 
| —31.9 +25.5 ey — 3.9 —13.9 —19.0 
7 —16.8 —105.0 —20.6 — 9.0 — 8.3 —12.6 
-9 a gece = 5.6 = 9,0 — 7.6 — 5.5 — 3.8. 
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TABLE I—Continued 


Group No 26 27 28 29 30 3r 32 
niga Cepheids 
DDE ivitew is s2 ....-| B6-Ag B6-Ag Bo-Bs Bo-Bs er. Per. Os—Oo# 
> 2.0 days|<o.7 days 
15 Re ee FOE todi=—2-O 10" | oar—A5O = [2 SO 0 Laycuaccanuclasceeececs ls ae eae < 
+ 2.7 Ci ES GRR OES os Mike ire teria ob bintatnta ce eiieweleil awenearacele.e A 
INES Ge oh posaacaaoe or 492 123 126 378 26%6 49 
H... Ace Sr aaints + 0.89 — 1.03 — 5.55 Pe Bi Ee bl ea Cee Pa tealews neeeee . 
PMs ot 5 Fewtatars 5.6, 9)80'6 5.44 5.19 4-19 RD BP te DORE OREN Seatave ee <a 
Ene sie Seiaie giclee ately 0.123 ©.0570 0.0113 GiO3ZIS | ee acaeecsalewces somes veanetens 
aerate ee oleaiebs — 5.2 + 0.9 — 5.5 — 4.0 — 2.4 —44 — 2.0 
MEivtatie vie iodieide © 4.00% +25.5 +17.7 +17.6 +15.3 +10.3 +60 +21.4 
[es is — 6.2 — 4.6 —II.0 —13.8 — 4.6 —80 —28.4 
Re Relevancy oreo eee is + 0.5 + 0.2 + 6.08 + r.5% — t.9) 9 Sawea wane +11.8 
Paves sevens Ronee 26.8 18.3 21.4 21.0 he a 09 35.7 
267° 287° 285° 283° 06 275° 
= pulse at Bradt +24° +47° ion ae 
oy Af 20.7 20.2 Ir.24 92 32.8 
I2.1 7.3 9-7 cheers 57 22.2 
Bg aie-stave ose Gee 8.4 5 i 60 20.7 
—17.3 —18.3 —15.8 —10.5 —67 —21.5 
— 2.2 —10.8 —12.8 — 4.3 —85 —24.3 
— 5.7 — 3.1 — 5.4 — 1.7 — 8 —14.9 
reas oe 8.7 9-3 15.8 73)" 22.0 
Cie pnen ne 8.9 12.5 Tr-5 76 30.8 
Pe) re ie 8.99 DECC Lisa cos ks os 88 Zetec rae 
16.4)7 8.1)" 7.4) 17.3 74)%7 19.6 
14.6 8.4 13.0 10.0 74 33-9 
9.1 8.4 10.6 (10) 74 (19) 
—I4.1 —I0.9 — Fy — 7.2 —I2 — 7.3 
—10.9 —18.5 —190.4 — 9.0 —107 —33.5 
—4.0- |— 0.2 — 2.3 — 0.2 + 8 —-9 
Group No 33 34 35 36 37 38 
M2e—-Mse 
BLEU DVE SUT Seniors 0 a's lets.s Os—Oo* c stars Pr Pp Mie—-M6e P=150-210 
days 
PFE Te AOE ec caeg versie e| msn 0: cieia'a aVarornicll cia oe sic Oe hs. odiberwclen. cc's vir. |e ere vies Oe no. | aeiman aie ae cam 
INGoesenentet eecivies 41 66 10774 1017? 86 13 
THERE ere oie x cis bio.<)] ais tie b eee ad ST aaa My wo ehe/d cfo.6i8' e's late sae. Siete lels'e:6 flovete ssa geme's foe aes ob os ceree 
rh ae eee RE ee Oe Spe ose ws rere ne Palpee enon Sa lemtenk & win ol leo antorcie oot 
[PG S0CC SURCORD OE Re eopooeee COLON Inivate oa i wrele cbs | ce eae a ths | voles vise ns ¢ ot late peers ties 
a oeeer AACE eee + 2.3 + 3.2 +9-5 etek T1461 S45 
Pee Fc ces +20.2 122.1 +18.8 +20.7 147-2 + 75 
Rec otceiateeains —22.0 713.4 21.3 —20.8 42.7 —136 
K TR ras Us ecinisins =< On7 + 2.0 sess | ooatrleaadiccdl bmonaeagns-7 
Ea «oc nae Sere tl 30.0 26.1 28.4 30.2 65.2 162 
Mee eecsc cys) ROS 262° 268° 288° 287° 1 
Die riee cole Nec osasaiek +47° “Est, +40° +44° +4r° + 57° 
v nen 28.5 25.9 27.0 28.3 62.2 133 
Ret eet Ne REN aateen. one 3 12.1 40.0 28.8 45-5 80 
[ice he gee ented Ree ee eee II.9 35.2 28.6 40.1 70 
x —10.5 —21.2 —18.4 .| 27.6 —48.9 — 82 
ela haaa secge eae Sy yr Ree Pipa Ee ie 
hoo pec ae a aed ae —12.5 —13.3 — 6.8 —15.0 = 26 
On Si aes Serer : 13.5 56.2 40.2 5a™ ihe 
io Rae ee Bapaasesone 16.3 SLey 31.7 55 80 
ON RE Ny Abe) ciaras wresTete ote or 1238 tas 49 118 
Wench. Bese eustne 30|* 12.9 64.7 45.8 52 88)32 
Decceavceuses OO 3° 17-5 3-9 30-7 57 88 
Gere crctS aie Weis ics) s 30 (12)% (x5) (15)9 46 88 
Me eraleyaelarsiei< vi c'e6,9 8)s\ —=19.2 —14.6 = Out — 0.5 —23.7 —- 7 
Vi vccsvcsvecessevce —26. 19.4 —25.6 —28.6 —60.5 —161 
B ccc ceeccccccecees —II.5 — 9.0 = Oe! = 2.3 — 5.6 Per 
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TABLE I—Continued 


Group No. 30 40 41 42 43 44 
ALY DCunise yeaa cote ts Globular | Non-galactic] Stars of Stars of Calcium Ursa Major 
clusters nebulae maximum radial ve- clouds group 
space- locity 
velocity37 >r100km 
18 443s 22 49 64 17 
— 79 —III —118 — 80 — 1.6 + 8.7 
+108 +160 + 78 +147 +16.1 —II.3 
—253 —284 —243 —166 —1I2.4 —12.0 
+ 25 FM) CONE cenel eter nk einGrrtr Paomamce nals Stevia soil 
286 344 281 236 20.4 18 .6 
06° 3° 209° 276° 127°8 
+ 62° 50° + 60° Tora om +37 +40%o 
220 281 189 210 Z6/5 ON carnieweate Po 
90 BAe Hos ter cinwveste I0o AHA Uae all RPO ESN EUs we 
06 QE2D Usa warmers Ior BIS) leno ee mee 5 
—120 —177 — 07 —150 —16.2 +12.6 
—251 — 289 —263 —17I —10.4 — 7.4 
— 67 — 61 — 23 — 31 — 6.8 —II.5 
PAYA ew cteleshett tats ac aleOeek (173) Cy tame | Borintiins crc : 
TET Ie eee reC ne eae ones (93) (ee Hams Psi hmecsciarin 
LITA). il Sar unicskiediel wea eneew see (66)? | Seca Ho Sirs eeresil ereeeeeree GORG 
(ER rem sAcricey. 117)| 300) 36 BOT | PA \osaeasa chara cislafets 5.) dPaarewiee arate 
D caiidines vdsloe Wives 117 300 TOS a Warteniacrapinets hed Ra daeiaceancr. 
Cetslictnichee pace Izy 300 82)” [caus pure djeteinw [ata acetne cecal | ceeeenatters nieve 
Cis aie nesnceee + 14 — 14 + 40 — 58 — 9.2 +14.7 
GU UOA caved tees —285 —344 —278 —2209 —17.7 — 2.3 
BA Gnrcte ti ul ox Cae — 22 — 8 + 20 + 5 — 4.2 —11.2 
Group No 45 46 47 48 49 50 
ling 1. Pa ae Taurus Praesepe Pleiades ‘Perseus Scorpio- Orion 
group group group group Centaurus] group 
group 
39 Io II 29 131 17 
— 1.4 — 5.3 + 1.3 — 6.3 — 1.9 + 3.5 
+45 .2 +40.7 +14.1 +17.0 “13.3 +17.0 
+ 5.5 — 0.2 —13.4 —- 9.9 —12.8 — 5.6 
45.6 41.0 19.5 20.7 18.6 18.3 
271°8 277°4 264°8 29023 27822 25824 
=659 + 083 +43°3 +2827 +43°6 +17°%9 
—44.8 —41.0 —< 3.47 —17.9 —13.5 —16.2 
+ 7.9 + 0.7 —I0.1 —10.2 —II.I — 2.0 
— 3.1 — 1.7 — 9.6 — 1.8 — 6.4 — 8.3 
—43.1 —36.4 — 7.2 —10.8 — 6.5 —13.3 
—14.7 —I9.0 —16.7 —17.6 —17.0 —10.6 
— 0.8 + 1.3 — 7.1 + 1.0 — 3.8 — 6.7 
NOTES 


. Group fo, one star with V=+18r km/sec. omitted. 
. Group 14, one star with V=+183 km/sec. omitted. 
. Group 17, from five stars only. 
. Group 20, four A stars included. 
. Groups 20, 21, p=50°. 
. Group 21, four A stars and three G stars included. 
: 7. Groups 22, 23, 24, 25, 26, 27, dispersions are corrected for the systematic effect of a mean error 
in V equal to +4.0 km/sec. 
8. Group 28, probable error +1.13 km/sec. 
9. Group 28, from ten stars only. 
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ro. Groups 28, 29, corrected for systematic effect of a mean error= +3 km/sec. 

11. Group 29, probable error +0.74 km/sec. 

12, Group 20, from five stars only. 

13. Group 30, w Virginis, V= —60 km/sec. omitted. 

14. Group 30, a direct solution assuming the apex to have the value Ao=270°, De=+30° gives 
Vo=12.3+1.56, K=—1.8+1.81. 

1s. Group 30, assumed value. 

16. Group 31, VX Herculis, V= —380 km/sec omitted. 

17. Group 31, =5s0°, spherical distribution assumed. These values are corrected for the effect of a 
mean error in V of 15 km/sec. 

18, Groups 32, 33, Plaskett’s classification. 

19. Group 32, assumed value. 

20. Group 33, spherical distribution assumed by Wilson. 

21, Group 34, this group includes Pseudo-Cepheids. 

22. Group 34, from three stars only. 

23. Group 34, assumed value. 

24. Group 35, no omissions except Magellanic clouds. 

25. Group 35, from three objects only. 

26. Group 35, assumed value. 

27. Group 36, six nebulae of velocities higher than 100 km/sec. omitted. 

28. Group 36, from three objects only. 

29. Group 36, assumed value. 

30. Group 37, p=50°. 

31. Group 38, p=55°. 

32. Group 38, spherical distribution assumed. 

33. Group 39, p=50°. : aaah ad 

34. Group 39, corrected for a mean error in V of +25 km/sec. Spherical distribution assumed, 

35. Group 40, solution by groups. Magellanic clouds included without K-term. 

36. Group 40, spherical distribution assumed. These values are subject to great uncertainties, par- 
ticularly as the K-term is probably a variable quantity with large dispersion. 

37. Group 41, determination based upon space velocities. 

38. Group 41, the directions of the three principal axes are in order Lx=164°, Br=+6°; Le=73°, 
Ba=+8°; L;=2091°, Bs=+80°. 


constants given are those derived in the last-mentioned paper by a 
solution in groups, omitting N.G.C. 584 but including the Magellanic 
clouds without K-term. Group 41 is composed of stars, mostly of 
spectral type F, with large space velocities, which seem to form a 
separate group. All stars with radial velocities larger than 100 
km/sec. are taken together as group 42. Since the selection of the 
last two groups is based directly upon the velocities of the stars in 
the group, they are not comparable with the other groups, but the 
group-motion may still be of some value. Group 43 contains the stars 
with stationary calcium-lines, which, according to Hartmann’ and 
Plaskett,? are due to calcium clouds in space. This system of clouds 
seems to form a group with very small velocity-dispersion and can, 
so far as its motion is concerned, be regarded as equivalent to the 
other moving groups, the elements of which are given in columns 
44-50. The constants for the Ursa Major group are means of Bott- 
linger’s and Rasmuson’s determinations; the elements for the Pleia- 
des, Perseus, Scorpio-Centaurus, and Orion groups are taken from 
Rasmuson’s study ;3 for the Taurus group, Boss’s elements are given. 

t Astrophysical Journal, 19, 268, 1904. 

2 Publications of the Dominion Astrophysical Observatory, 2, 287, 1924. 

3 Lunds Observatorium, Meddelanden, Serie II, No. 26, 1921. 
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For the Praesepe group, the constants are based upon a parallax of 
o”007 and a radial velocity of +33 km/sec., determined by Adams 
and Joy. 

The first line in Table I gives the current number of the group. 
This is followed by the types of objects studied, the limits of H= 
m-+s5 log u (for those cases in which H has been used as a basis of 
grouping), and the number of objects in the group. Then follow the 
mean H, the mean apparent magnitude, and the geometric mean of 
the proper motions. This last quantity u is defined by the equation 


L= T0°2(H —m) — Tog # ‘ 


The equatorial components of the group-motion (€; 7, ¢) and the 
K-term determined from the equations of condition (3) are next 
given. In several cases, especially for faint stars of large proper mo- 
tion (large H), the observed stars are mainly in the northern hemi- 
sphere and the K-term is thus difficult of determination and is sup- 
posed to be small or zero. The sun’s velocity relative to the group 
is next given in polar equatorial co-ordinates (v7, Ao, D.). The sun’s 
velocity projected on an axis in the direction of the standard apex 
(A,= 270°, D)= +30°) is denoted by 2. This may be used in com- 
puting mean parallaxes, but the mode of selection of the stars must 
be taken into account. 6’ is defined by thé equation 


0 =V 2/0 =0.7979 «, 


o* being the mean of the squares of the residual velocities. It can 
be compared with 6 given in the next line, which is the average resid- 
ual radial velocity. These two values would be identical if the dis- 
tribution could be exactly represented by an ellipsoidal distribution- 
function. 

The velocity-components of the group-motion referred to the 
standard galaxy are denoted by x, y, and z. The mean square veloc- 
ity in the areas of radius p around the principal vertices are denoted 
by a’, b’, and c’; a, b, and care the dispersions along the three princi- 
pal axes, and are identical with the axes of the velocity-ellipsoids. 
The last three lines show the components of the group-motion pro- 
jected on three new axes (x’, y’, 2’), the directions of which will be 
given later. 
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On account of the nature of the grouping, very few omissions 
had to be made, and these are all indicated in the notes. 

5. We see immediately that the dispersion, defined by a, 8, c, or 
by @, increases in general with the value of H, which shows, as 
had been anticipated, that the velocity-components are not independ- 
ent of one another. Part of this increase is due to the correlation 
between the absolute magnitude, which enters into H (cf. eq. [1]), 
and the velocity-dispersion. We see further that in general v in- 
creases with H and with the dispersion, a correlation which we should 
expect if the distribution were asymmetrical. 

The small value for the sun’s velocity relative to Cepheids of 
long period (v.=12.3 km/sec. Cf. note 14) is of special importance, 
as this affects the mean parallax of these stars and consequently the 
distances of the clusters, for the reason that the absolute magnitudes 
of the Cepheids in the clusters are assumed by Shapley to be the same 
as those of the Cepheids of the same period in our local system. It 
also affects Hubble’s estimated distances of the spirals, which are 
based upon the same assumption. A change of solar motion from 
20.0 to 12.3 km/sec. produces a change in the absolute magnitude 
of +1.06 and decreases the distances by 38 per cent. 

The change in the declination of the sun’s apex with increasing 
H and with increased dispersion is also of interest. In general, the 
declination increases with H, but this increase is counteracted by the 
abnormal group-motion for the dwarfs referred to later. It is pos- 
sible that the observed variation in the declination of the sun’s apex 
as determined from proper motions is almost entirely due to the 
asymmetrical velocity-distribution. Since apparently faint stars, 
which, of course, are not the same as dwarf stars, are in general in- 
trinsically fainter than the apparently brighter stars, and presum- 
ably have a higher velocity-dispersion, we may expect an increase in 
the declination of the sun’s apex with decreasing apparent bright- 
ness. On account of the grouping used here and the small number 
of faint stars with small proper motion, the rate of this shift with 
apparent magnitude cannot be determined. 

The general result of this study is that the sun’s motion is 
not a constant vector but changes greatly with the class of object 
to which the motion is referred. Our next purpose is to find if 


217 


14 GUSTAF STROMBERG 


any definite laws can be established for the variation in group- 
motion. Figure 1 is a diagram giving the projections of the velocity- 
ellipsoids in the plane of the standard galaxy («y-plane). The sun 
is at the origin, and a line from the origin to the center of an ellipse 
or circle indicates the group-motion projected on the galactic plane, 


“100 


-200 


~300 


-400 
Fic. 1.—Projection of a number of velocity-ellipsoids on the galactic plane. The 
sun is at the origin, and a vector from the origin to the center of an ellipse or circle indi- 
cates the velocity of a certain group of objects, projected on the galactic plane. The 
principal axes of the ellipses are equal to the velocity-dispersion in the direction of the 
axes, except for the circles marked “V max,” “v max,” and “Neb,” which indicate 


simply the group-motion. The points refer to moving groups with small internal 
velocity-dispersions. 
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and the size of the axes of the ellipses indicates the dispersions a and 
6. To avoid confusion only a few samples from the first twenty-nine 
groups are included in the diagram. Stars of spectral types Fo-M 
with H< —2.0 have been combined in one group, the constants for 
which are as follows: 


No. x y z a b C x’ yy’ z! 
626 | —14.5 —7.4 —7.0 | 18.7 13.0 15.1 | —14.4 —9.2 —4.9 | km/sec. 


This group is marked “‘Giants” in the diagram. Further, the veloc- 
ity-ellipsoids for groups 5, marked D (dwarfs), 21 (F), 27 (A), 30 
(Cph), 31 (Cph), 32 (O), 34 (6), 35 (P), 37 (Me), 38 (Me), and 39 
(Clusters) are also shown in the figure. The group-motions for groups 
40, 41, and 42 are marked by small circles with the notation Neb, 
Vmax, And V max, respectively. The velocity-vectors for the Ursa Major, 
Taurus, Praesepe, and Orion groups are indicated by points marked 
UM, T, Pr, and Or, respectively. The velocities of the Calcium 
Clouds, the Pleiades, Perseus, and Scorpio-Centaurus groups, and the 
B stars (groups 28 and 29) are very nearly alike, and have been com- 
bined into one point marked Gr, Ca, B, which has the co-ordinates 
*%=—15.0, y= —10.9, z= —5.5 km/sec. 

From the diagram we see that the centers of the velocity- 
ellipses show a marked shift toward the third quadrant of the xy- 
plane as the ellipses grow larger. This is in accordance with the re- 
sults from space velocities and radial motions previously given in 
Contribution No. 275.' This shift determines a certain axis whose ga- 
lactic longitude is now found to be 61°5 with an uncertainty of about 
-+5° Projecting the velocity-ellipsoids on a plane through a line in 
galactic longitude 61°5, we find the galactic latitude to be +9°%o. 
This new projection is shown in Figure 2. The axis, of galactic longi- 
tude 61°5 and latitude ++9°o, is the direction of motion of objects 
of small velocity-dispersion relative to objects of large dispersion, 
and in my former investigation was estimated to have the direc- 
tion /=71°, b=+5°. The projections of this vector in the xy-plane 
and in the plane through the z-axis are indicated by arrows in Figures 
1 and 2. 

We will now project the velocity-ellipsoids on three new axes 

t Astrophysical Journal, 59, 228, 1924. ; 
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°o 
o 
¢ 
' 

Fic. 2.—Same as Fig. 1, but the projection is here on a plane perpendicular to the 
galactic plane. The 4:-axis lies in galactic longitude 61°5, and the z-axis points toward 


the north pole of the galactic plane. 
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(x’, y’, 2’), of which y’ has the direction just determined and the x’- 
axis has zero galactic latitude. The directions of the new axes are: 


1 b a é 
x SB Caneel ci eee B35 of0 265°7 —24°9 
5 Sor SEE 61.5 += 9.0 309.8 57.1 
ahs eer eee ee 241.5 +81.0 185.4 +20.0 


The components of the group-motion projected on these axes ap- 
pear in the last three lines of Table I. The axes coincide nearly with 
the directions of the principal axes assumed at the beginning. 

If we study the velocity-components x’, y’, and z’ we find that 2’ 
varies very little throughout the groups studied, the values with the 
largest deviations having the smallest weights. The «’-component 
varies somewhat more, but its variation does not seem to be syste- 
matic, except that it has an algebraically smaller value for the dwarf 
stars (groups 5, 11, 15, 16, 20) than for the giants. This may be due 
to the selection of stars of large proper motion in combination with 
a correlation between radial and transverse motion. The same ap- 
plies to the variation of x’ with H among the A stars (groups 23 to 
26) where, in the absence of an asymmetry, the dispersion along the 
x’-axis produces a change in x’ with H. 

The y’-component varies enormously, from —g.o for the Ceph- 
eids' of long period to —344 for the spirals. The variation in y’ 
does not seem to be a function primarily of spectral type, absolute 
magnitude, or mass, but is correlated with the dispersion (6) along 
the same axis, and the result of the plotting is shown in Figure 3, 
where all the groups are indicated (except 23, 24, 25, and 26, which 
are combined in group 27). The relation between y’ and 0 can be 
represented, throughout the whole range, by the parabola 


y= —pl?+p’ 
p=o.0192 sec./km (9) 
B’=—10.0km/sec. 


A slight ambiguity is involved here. It is, of course, possible to 
find a relation between y’ and the dispersion along the two other 


1Groups 23 and 24 (A stars) show numerically smaller values of y’ than the 
Cepheids, but the combined group (27) has y’=—10.9. 
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axes, a and c, but this does not lead to any relation that can be simply 
interpreted like the one just given. Further, in the cases where a and 
c differ considerably from b, as in groups 5 and 21, it is the dispersion 
b, and not a or c, which varies regularly with y’. 

The case of the dwarfs of type K4 to M (group s) is of special 
interest. Here we have a group of large velocity-dispersion (average 
velocity 6=29.6), which gives a small value of y’ (—13.7 km). But 
the velocity-ellipsoid is very elongated, and the axis 0 is of the right 
size for the corresponding value of y’. 

As found in the previous study, the B stars (groups 28, 29) fall 
off the parabola in Figure 3. The same applies to the A stars for 
H < —3.0 (group 22), which have a large group-motion and a fairly 
small dispersion. The sudden change in group-motion among the A 
stars for the value H = —3.0, i.e., in passing from group 22 to 23, is 
certainly real and very illuminating. It shows that the apparently 
bright A stars of very small proper motion, which of course are mainly 
of exceedingly high luminosity, share the motions of the B stars and 
probably are in some way connected with the B-star system. On the 
other hand, we see that the moving groups, Perseus, Pleiades, 
Scorpio-Centaurus, and the Calcium clouds have the same group- 
motion as the B stars; in fact a large proportion of the B stars is 
included in the Scorpio-Centaurus group. We can even draw a new 
parabola through the points represented by groups 22, 28, and 29, 
parallel to the principal parabola, which cuts the y’-axis at the point 
represented by the four moving groups just mentioned. The ¢ stars 
are represented by a point intermediate between the two parabolas 
and may include stars belonging to the two systems. Although the 
existence of the second parabola cannot be proved, there is no doubt 
that the B stars, the most luminous A stars, and the four moving 
groups mentioned have approximately the same group-motion, 
and do not fit so well in the general relation between group-motion 
and dispersion as the other objects. The scattering of the points 
around the parabola may be due to a mixture of two systems of 


objects. 
The point where the principal parabola cuts the y’-axis has the 
co-ordinate y’= —10.0 km/sec. The mean of the x’- and of the 3’- 


co-ordinates in combination with this last value of y’ constitutes the 
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apex of a parabola in a four-dimensional space (x’, y’, 2’, ) and gives 
us a fundamental velocity whose components we denote by a’, 
g’, and y’. This point, which corresponds to the “limiting center” 
in my previous study, is marked L.C. in the three diagrams, and has 
the following co-ordinates: 


a’ =x/=—10.1+0.47 | x=—13.3 | E=+ 1.0 | a=85°7 
B'=y'=—10.0+1.0 | y=— 3.3 | n=+13.7 | b=—22%0 
y=2/=— 4.10.25 | z=— 5.6] f=— 5.5 | v=14.8 


The velocity-vector corresponding to the limiting center is very 
nearly the same as the most frequent velocity found for later-type 
stars. The value for this velocity given in Contribution No. 245, page 
28,7 is a=86°2, d= —30°8, v= 13.4 km/sec., or x’ = —7.6, y’ = —10.2, 
z’ = —4.1 km/sec. 

The asymmetrical position in velocity-space of the most fre- 
quent velocity has also been pointed out by Boss, Raymond, and 
Wilson.? The small value for the sun’s velocity when referred to the 
center of mass of a number of stars, as determined by Balanowsky 
and Samoilova,’ is due to the fact that in general the stars of high 
luminosity, which have been assigned the greater mass, have a 
smaller group-motion relative to the sun than those of less luminosity. 
The solar motion, whether we take the masses of the stars into ac- 
count or not, is not a definite velocity-vector, but is greatly affected 
by the relative proportion of giant and dwarf stars in the system rela- 
tive to which the sun’s motion is determined. This phenomenon has 
also been found by Seares* by comparison of the secular parallaxes 
with the accepted luminosity and density functions. 

The masses of the stars do not seem to enter in any simple way. 
Although, as has been pointed out by Halm and more thoroughly 
investigated by Seares,’ there is a tendency to equipartition of kinetic 


t Astrophysical Journal, 56, 292, 1922. 

2 Astronomical Journal, 35, 26, 1923. 

3 Astronomische Nachrichten, 222, 290, 1924. 

4 Mt. Wilson Contr., No. 281; Astrophysical Journal, 60, 50, 1924. 
8 Mt. Wilson Contr., No. 226; Astrophysical Journal, 55, 165, 1922. 
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energy among several classes of stars, there are several prominent 
exceptions. The Cepheids of short period, although less luminous 
and perhaps of less mass than the Cepheids of longer period, can 
hardly have masses considerably below those of the dwarf stars. The 
same applies to the Me stars and to a number of F stars of large 
proper motion. The O stars and the c stars, for instance, which have 
very large masses, show a larger dispersion 6 and a larger group- 
motion than the dwarf stars of types K4—Mo. 

6. The result of this analysis is that we have found a constant 
vector whose components are a’, 6’, and 7’, and a relation between 
group-motion and dispersion defined by the equations 


a’=a’, y=—pr+p’, z=’, 

which define an axis in space’ and a numerical relationship. If we 
accept this relationship, we can now write down the frequency-func- 
tion for the whole collection of objects in Table I, excluding the 
B-star system previously defined and the Ursa Major, Taurus, Prae- 
sepe, and Orion groups, which probably must be regarded as indi- 
vidual objects, in the following form: 


F (x'y'2')dx'dy'dz! 
_dxldy'ds! Ss _Ny_ eA 
~ (ar)8 - a,b,c, exp | 2a; 2b; 20; ao) 


This equation can be simplified, and we write 


SOs tel eda (2 


2a 203 2G 


F=exp[—(y'—#')) > Avex] 


There is one fact, however, which we now wish to emphasize. 
Besides stars and nebulae which are all within about tooo parsecs 
we have in our study included the globular clusters and the spirals 
(non-galactic nebulae). The clusters are certainly very distant ob- 
jects and, according to Hubble and Lundmark, the spirals are at 


t The quantity p can be regarded as a vector, the direction of which is toward the 
negative y’-axis. 
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even greater distances. There may still be some doubt about the 
distances of the spirals, especially in, view of van Maanen’s deter- 
minations of the internal motions, but their distances are at least 
above rooo parsecs, and they may be at distances of the order of 
300,000 parsecs (a million light-years). The group-motion and the 
dispersion for the clusters is approximately the same as that of the 
fastest-moving objects in our local system. The velocity-ellipsoid for 
the clusters seems to form the limit in the sequence of velocity- 
ellipsoids. Group 41 has even larger dispersion (a) along the «’-axis 
than the dispersion for the clusters, but this group as well as group 
42 is selected on the basis of motion, and as the dispersion is in gen- 
eral largest along the «’-axis, we have made a selection of stars of 
large motion along the x’-axis. The spirals have about the same 
group-motion as the clusters, provided we omit the highest velocity 
(+1800 km/sec. for N.G.C. 584), but the dispersion for the spirals 
is much larger than for the clusters and the high-velocity stars, and 
consequently does not fit the parabola in Figure 3. It is probable 
that the K-term, which for the spirals has the enormous value of 
600 km/sec., has a physical meaning and varies widely, being small 
for the Andromeda nebulae and the Magellanic clouds but very large 
for N.G.C. 584. If the dispersion in the K-term is very large, the 
actual dispersion in velocity for the spirals may be of the same order 
as that of the clusters. As long as we do not know the cause of the 
large K-term or any law for its variability, we cannot correct for the 
extra dispersion. It does not seem to vary appreciably with dis- 
tance, as would be the case if it were solely an effect of curvature 
of space-time.” 

Equation (11) is a product of a symmetrical function and another 
function of the form exp [—(y’—£’)], which is found to be con- 
stant for all the groups. It expresses the law for the increase in dis- 
persion with group-motion as we pass along the negative y’-axis, 
but it does not indicate whether there is a limit to the sequence of 
velocity-ellipsoids or not. The limiting velocity-ellipsoid is now 


«A dispersion in the K-term of 275 km/sec. would bring the velocity-dispersion 
for the spirals down to 120 km/sec., which is about the same as that for the clusters. 


* Cf. Mt. Wilson Conir., No. 292; Astrophysical Journal, 61, 353, 1925. 
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found to be equal to the velocity-ellipsoid for the clusters, and we can 
find an explicit expression for this limit by a simple transformation 
of equation (11). 


We write 
F = Sy Ay 2 


se ae hrs pee EL 
Si= DB. | a= Gok a \ & 


+ phe te)? OE? S ee) 
s.=exp| 22 23 al; 


%=—a ) yo= —B’+ pli , 2a=—yY' 


S, and S, both represent symmetrical distributions, the center of 
symmetry of the first function being a’, 8’, y’ and the center of the 
second function —2%, —1%, —3;. When the dispersions, represented 
by the quantities a, b, and c, increase up to their limits /,, /,, and J,, 
the center of the distribution moves regularly from the center of the 
first distribution S, to that of the second distribution S,. The name 
“limiting center” applied to a’, 6’, y’ in my former study is due to 
this circumstance. The limits of the dispersion, /;, /,, and /,, may well 
be equal, in which case the distribution S, is spherical, as seems to 
be the case for the clusters. 

Putting the limiting value of the group-motion equal to that 
derived from clusters and spirals, we find this limit to be about 
300 km/sec. in the direction of the negative y’-axis, and we have 
thus y{=-+300 km/sec. If we use the known value of #’ and in 
combination with the dispersion for the cluster, we have yj = pb? — 8’ 
=+273. The group-motion for group 41 gives y,=+278. The 
velocity-vector 2%, yo, 2 is the velocity of the sun relative to the 
clusters, spirals, and fast-moving objects in general, and we can 
assign the following values to the components of this motion: 


x= —a’=+10.1 km/sec. 
Yo= +300 +50 km/sec. (13) 
2=—vy’=+4.1 km/sec. 
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In polar co-ordinates we find the velocity of the sun relative to 
the center of the distribution S, to be 300 km/sec. in the direction 


a=307° 1=60° } an 
d=+56° b=+10° 


The uncertainty in this apex is about 5° in galactic longitude and 3° 
in galactic latitude. 

When 4% is known we can determine the value of /, from the 
equation pli=y+ 6’. We have thus /,=123 km/sec. 

7. We will now attempt a physical interpretation of the two 
velocity-distributions S, and S,. The function S; is a sum of concen- 
tric, ellipsoidal distributions, the co-ordinates of the center being a’, 
6’, y’, and can be regarded as a velocity-restriction relative to this 
center. This means simply that high velocities are less frequent than 
the smaller velocities, and that velocities of the same size are equally 
frequent in opposite directions, provided they are referred to this 
center. The same applies to the distribution S,, which is another sym- 
metrical distribution, its center having the co-ordinates — xi, — yo, 
—zo. The fundamental axis (y’) is a line joining these two centers, 
and is represented by the arrows in Figures 1 and 2. Using the same 
terminology as for the distribution S,, we may say that S, represents 
an additional velocity-restriction in a co-ordinate system in which 
the globular clusters and the spirals are statistically at rest. On ac- 
count of its great size, and the apparent impossibility of ever observ- 
ing a larger system, we will call this system the ‘‘world-frame.”’ The 
distribution of velocities for almost all known cosmical objects can 
thus be represented by a product of two symmetrical distribution- 
functions. The first of these (S;) represents probably the internal 
motions in our local system of stars, or rather what they would be 
if S, were not acting while S, represents a statistical restriction 
of velocities in a world-frame of enormous dimensions. This local 
system is probably identical with ‘““Kapteyn’s Universe,” the dy- 
namics of which has been studied by Kapteyn’ and by Jeans.” 
The B stars studied and the A stars of high luminosity probably 
belong to Shapley’s local star cloud, whose existence is indicated by 


* Mt. Wilson Contr., No. 230; Astrophysical Journal, 55, 302, 1922. 
2 Monthly Notices, 82, 122, 1922. 
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the fact that the plane of concentration for the bright B stars is in- 
clined about 10° to the galactic plane.t The existence of the second 
distribution (S,) indicates that the motions of the stars in the local 
(Kapteyn) system are determined not only by the gravitational field 
due to this system, but also by an outside field connected with the 
system of clusters and spirals. 

The nature of the connection between the stars in the local 
system and the world-frame is not known, but there are several ways 
of explaining this connection. 

The effect may be due to encounters between stars in the local 
system and stars belonging to the world-frame. This does not seem 
probable on account of the extremely low density of the larger sys- 
tem, and because, further, we should expect a strong correlation be- 
tween group-motion and the masses of the stars. It can hardly be 
due to a system of dust at rest relative to the world-frame, as we 
should then expect a correlation between group-motion and the 
density of the stars. 

The general gravitational field due to the larger system combined 
with the field of the local system may possibly produce a velocity- 
distribution similar to the one observed. On account of the low den- 
sity and elongated shape of the larger system this explanation seems 
very improbable. 

Another explanation is possible if we are allowed to regard the 
additional velocity-restriction as due to the action of a stationary 
medium in which the whole cosmical system is imbedded. The veloc- 
ity vector (2%, yo, x6) is then the velocity of the sun relative to this 
medium, and /,, /,, and /,; (which we will assume to be alike and 
equal to /) determine the effectiveness of the restrictive action, pre- 
sumably dependent upon the mechanism of the interaction between 
the stars—or the electrons within the stars—and the medium. The 
dispersion in the spherical distribution S,, whose center is at rest in 
the medium, is then/ = 123 km/sec. and the most frequent velocity is 
V21= 174 km/sec. The stars in our local system have in general 
a velocity of about 300 km/sec. relative to the world-frame, but 
they belong together and must in this connection be regarded as one 


t Astronomische Nachrichten, Jubilaumsnummer, p. 25, 1921. 
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unit, just as we have regarded the globular clusters as individual 
objects. 

A popular description of the velocity-distribution and a discus- 
sion of the possible interpretations are given in Scientific Monthly, 
November, 1924. 

The writer stands under great obligation to Mr. W. P. Hoge and 
Miss Marguerita Wiberg for the valuable help they have given in 
the compilation of the observational data and in the extensive com- 
putations. 


Mount WILSON OBSERVATORY 
January 1925 
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DISCOVERY AND OBSERVATIONS OF STARS 
OF CLASS Be 


By PAUL W. MERRILL, MILTON L. HUMASON, ann 
CORA G. BURWELL 


* ABSTRACT 


Stars of class B whose spectra contain emission lines of hydrogen—Three reasons 
for studying these spectra are suggested: (1) possible assistance in the interpretation 
of the typical nova spectrum; (2) the bright lines appear to be sensitive indicators of 
osm in stellar atmospheres; (3) unusual properties of hydrogen atoms may be 
involved. 

The discovery of these stars by other observers has usually been made from the 
Hf line, but Ha serves better because of its greater intensity. By photographing the 
red portion of the spectrum we have discovered go early-type stars with hydrogen 
emission. These are listed in Table I. Eighty-four of the stars were found from objec- 
tive-prism observations with the 1o-inch Cooke telescope on Mount Wilson. 

Data concerning the Ha line in Be stars, as well as in certain nebulae, Wolf-Rayet 
stars, and novae, are contained in Tables II, III, and IV. The ulira-violet hydrogen lines 
in the Be stars are usually seen in absorption even when Ha is bright. Estimates of their 
intensity are included in Table IT. 

The blue-violet portion of the spectrum has been observed with slit spectrographs 
attached to the large reflectors. Descriptions of H8, Hy, and H6, and various other 
data including radial velocities of a few stars, are given in Table V. 

The discussion brings out the fact that our objective-prism spectrograms have 
yielded more new bright-line stars than the number previously known within the areas 
observed. It is suspected that in some of these objects the bright lines have come into 
existence since the Harvard spectroscopic surveys. A study of the distribution of Be 
stars shows a tendency for them to fall into groups near the center line of the Milky 
Way. Four of these groups occupy areas which are also rich in Wolf-Rayet stars. The 
frequency of bright-line stars in the various spectral subdivisions is examined and classes 
Bo to Bs are found to be strongly favored. 


INTRODUCTION 


The sun and nearly all the stars have spectra in which the chief 
features are absorption lines and bands. This type of spectrum may 
accordingly be considered the normal one. Less than o.5 per cent of 
all the stars whose spectra have been examined are known to possess 
well-marked emission lines, and these objects have long been re- 
garded as stellar curiosities. It is an interesting fact that most of 
the bright-line spectra are associated with either the hottest or the 
coolest stars. More than g5 per cent of the known bright-line stars 
fall in Classes B and O on the one hand, or in Classes M, S, and N 
on the other. Among Classes A, F, G, and K, bright-line stars, while 
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not entirely unknown, are decidedly rare. Conditions at the ex- 
tremes of the stellar temperature sequence appear to be favorable 
either to extensive atmospheres or to relatively high spectroscopic 
excitation of the atmospheres. A large proportion of bright-line 
spectra are variable, indicating a lack of equilibrium in the outer 
portions of the stars concerned. 

Aside from the general interest attaching to any abnormal or 
imperfectly understood spectrum, there are at least three specific 
reasons for studying bright-line stars of Class B, namely, (1) they 
may assist in the interpretation of novae; (2) bright lines apparently 
serve as sensitive indicators of conditions in atmospheres of B-type 
stars; (3) they may teach us new properties of the hydrogen atom. 

1. It is possible to select stars of Class Be which form a fairly 
continuous sequence in the structure of the hydrogen lines from 
ordinary B stars to novae. Circumstances similar to those causing 
the characteristic nova spectrum, but less violent, may perhaps be 
responsible for the unsymmetrical bright lines in certain B-type 
spectra; but even if this is not the case, it seems evident that the 
conditions in the atmospheres of several Be stars approach in some 
degree those prevailing in novae, and we may thus hope to use these 
stars as an aid in the interpretation of nova phenomena. 

2. In many instances Be stars appear to differ from ordinary 
B-type stars only in the presence of bright hydrogen lines. In some 
stars the bright hydrogen lines have disappeared without notable 
changes in other features of the spectrum and without appreciable 
variation of the total light. These facts make it possible to consider 
bright hydrogen lines as sensitive indicators of the density or other 
properties of the atmospheres of the hotter stars, and we are thus 
offered a method of studying variations too small to be otherwise 
perceptible. 

3. Be stars are also of interest from the viewpoint of general 
physics, because in them we may observe properties of radiating 
hydrogen (and some other elements) which differ from the properties 
shown by laboratory experiments. As examples we may mention the 
frequent wide doubling of the lines (self-reversal?), and the structure 
of lines in stars of the P Cygni type, which suggests that in the 
atmospheres of these stars the hydrogen atoms strongly absorb light 
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having a wave-length somewhat shorter than each of the Balmer 
lines, but emit these lines in their normal positions. 


I. THE Ha LINE 


Historical.—The history of bright-line stars of Class B begins 
with the discovery by Secchi in 1866 of bright hydrogen lines in the 
spectra of y Cassiopeiae and 6 Lyrae. No additional stars of this 
kind (with the exception of one or two doubtful instances) were 
found until the inauguration of the spectroscopic surveys of the 
Harvard College Observatory by Pickering in 1886. These surveys, 
made by the aid of the objective prism, produced rich results in this 
as in other fields of stellar spectroscopy. About 120 B-type spectra 
were found to have bright hydrogen lines. The H@ line served most 
frequently for the detection of hydrogen emission, but in numerous 
spectra a few of the more refrangible lines were also bright. The por- 
tion of the spectrum containing Ha was not shown by these photo- 
graphs, but in 1894 Campbell, observing visually at Mount Hamilton 
with the 36-inch refractor and attached spectroscope,’ found that Ha 
also is bright. He stated the rule that the intensities of the bright 
hydrogen lines in B-type spectra decrease from Ha toward the violet. 

Ordinary photographic plates are practically insensitive to red 
light, but the discovery of sensitizing dyes, particularly pinacyanol, 
has made it possible to prepare emulsions which are quite rapid in 
the region of Ha, and thus to extend to this part of the spectrum the 
great advantages of photography. Spectrograms obtained by Mer- 
rill? in 1912 with the Lick 36-inch refractor showed, in confirmation 
of Campbell’s rule, that in B-type spectra bright Ha is much stronger 
than H8, and that, in spite of the smaller prismatic dispersion in the 
red, it stands out far more prominently from the background of the 
neighboring continuous spectrum. Comparison of the appearance 
of the hydrogen lines in various B-type spectra suggested that 
numerous stars might exist in which Ha alone is bright. Visual 
observations by Campbell? had, in fact, already shown Ha to be 
bright in Alcyone, a star in whose spectrum the other hydrogen lines 


t Astrophysical Journal, 2, 177, 1895. 
2 Lick Observatory Bulletins, 7, 162, 1913. 
3 Loc. cit. 
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are dark.t Merrill’s observations of the Ha region with slit spectro- 
graphs at Mount Hamilton in 1912? and at Ann Arbor in 19143 of 
about forty B-type stars resulted in the discovery of six bright-line 
spectra. A few objective-prism spectrograms of known bright-line 
stars were obtained in February, 1917, by the same observer with the 
2-foot reflector of the Harvard College Observatory, using red-sensi- 
tive plates.4 Bright Ha was clearly shown in the spectra of x Dra- 
conis, 6 Lyrae, and P Cygni. 

The Mount Wilson observations.—It thus became evident that 
the use of the Ha region of the spectrum would be decidedly advan- 
tageous for the detection of hydrogen emission in B-type stars, and 
it was believed that objective-prism observations comparable with 
those made by the Harvard College Observatory at Cambridge and 
Arequipa for the purpose of spectral classification, but showing the 
Ha region, would result in the discovery of a considerable number of 
bright-line stars of Class B in addition to those already known. This 
idea was given a practical trial by Merrill during the years 1919 and 
1920 with the ro-inch Cooke refractor of the Mount Wilson Observa- 
tory. The preliminary exposures showed that the Cooke telescope 
with a 15° objective prism was suitable for this work: in particular, 
that the dispersion (about 440 angstroms per mm at Ha) was suffi- 
cient for the purpose, that stars at least as faint as the ninth magni- 
tude could readily be photographed, and that stars over an area 
about 18° in diameter could be obtained in good focus on a single 
plate. Several new bright-line stars were soon found, making it 
highly probable that many others having Ha sufficiently bright to 
observe were awaiting discovery. A general survey of the Milky 
Way region was then planned, and special observations of some of 
the brighter B stars were also included. Humason began active par- 
ticipation in the work at this time, and after September, 1920, made 
nearly all the objective-prism observations. During the past few 
months Miss Burwell has given the plates a very careful re-examina- 
tion and has collected the data for publication. 


* Later photographs have shown feeble bright portions within the broad absorption 
at HB. 


2 Loc. cit. 
3 Publications of the Astronomical Observatory, University of Michigan, 2, 181, 1916. 
4 Scientific Papers of the Bureau of Standards, 14, 487, 1918. 
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The 1o-inch telescope used for the objective-prism observations 
is of the Cooke “Astrographic” type, having an equivalent focal 
length of 45.5 inches. The prism, with a circular aperture of 10 
inches, has a refracting angle of 15° and causes a deviation of 8°. 
The linear dispersion at Ha is about 440 A per mm. The lens was so 
designed that it is achromatic in the blue and violet regions. The 
color-curve turns sharply away from the lens in the red and more 
gradually in the ultra-violet. The focal plane of Ha coincides with 
that for \ 3785 and is 4.1 mm farther from the lens than the focal 
plane of \ 4200. On our photographs, therefore, only the ends of the 
spectra are in focus. For this particular type of work a lens having 
the same back focus for Ha and Hf would be desirable. 

An auxiliary telescope inclined 8° to the axis of the Cooke lens 
serves for guiding. In a few cases the guiding star has been held at 
exactly the same point throughout the exposure so that very narrow 
spectra might be obtained, but in most exposures a small east-and- 
west motion (parallel to the refracting edge of the prism) was pur- 
posely allowed in order to widen the spectra, which aids greatly in 
detecting a feeble Ha line. Several excellent plates were obtained 
without any guiding whatsoever. The average exposure time for the 
large plates is about three hours, but a few exposures have exceeded 
four hours. 

Plates 14X17 inches in size are employed for most of the long 
exposures. The definition is reasonably good over practically the 
entire area. Very wide spectra of bright stars are obtained on smaller 
plates. On moonlight nights the fogging usually caused by the sky 
light can be avoided by the use of a red color filter; for the exposures 
on 4X5 plates we often use an Eastman ‘“‘A” or “F”’ gelatine filter 
supported in a cardboard frame immediately in front of the plate- 
holder. 

The emulsions employed are either Seed 23 sensitized by pina- 
cyanol, or Ilford Special Rapid Panchromatic hypersensitized by 
ammonia. The pinacyanol is applied by the well-known Wallace 
procedure. The sensitizing bath in which the plates are immersed 
for four and one-half minutes is made up as follows: 


t That is, having the same color correction as an ordinary visual objective. 
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Distilled: waters x<jscna ceaevncn sta era ae 260 
Ethyl alcohol”. oun «saa eas ee see 200 
Pinacyanol solution's? 10007.;4 52-0 ere 12 
Concentrated ammoniaiy nese eee 15 


This is followed, before drying, by a thorough rinsing in pure ethyl 
alcohol. The ammoniating bath for the Ilford plates consists of 


cc 


Distilled: waternccvisecicxmc ik ceren tere ne ieee 375 
Ethyl alcohols vewit cine srtseie oo eerie 125 
Concentrated ammonia niente Te 


The subsequent alcohol rinse has usually been omitted. .The Ilford 
plates are perhaps slightly faster in the sense of a lower threshold 
value, but the Seed 23 plates have somewhat more contrast and finer 
grain. 

Two examples of widened spectra obtained with the ten-inch 
telescope and objective-prism are shown in Plate VI. (a) is copied 
from a plate taken on January 25, 1922, exposure time 25 55™, 
emulsion Ilford Special Rapid Panchromatic, hypersensitized with 
ammonia. The enlargement is three times. The position of the 
center of the illustration is R.A. 6" 25™, Dec. +5.°2 (referring to 
the red end of the spectrum which lies toward the right). North is 
toward the right. The brighter stars shown are as follows: 


H.D. No. Mag. Spect. Distance of red end from Remarks 
AGOL 2 shoe KONING Ae SR pe Mb Top 2mm Left 40 mm 
ABA Re. Sire eit A een 6.0 Ko Top 36 Left 35 
AOTSON eco one 6.8 B2 Top 42 Left 39 
AOTTO se ht. pte 6.7 Bo Top 39 Right o 
AOTOR S42 oer neks ey 6.8 Ao Top 46 Right 15 
ASOTO tiers sate hee ay Be Bottom 50 Right 9 Bright Ha 
Fol {0 eae er teas ss 722 Bo Bottom 15 Right 42 
ASAR Toei asttein sees 6.7 Fo Bottom 3 Right 48 


(b) B Piscium, 1900 R.A. 225 58"8, Dec. +3° 17’; Mag. 4.6, spectrum 
Bse August 4, 1919, exposure 46 minutes. Emulsion Seed 23 
sensitized with pinacyanol. Enlargement five times. The Ha line 
is bright, while the ultra-violet hydrogen lines are dark. 

Table I contains a list of stars in which we have found the Ha 
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PLATE VI 


a 


| | 
He Ha 


(a) Portion of an objective-prism spectrogram taken with the ten-inch Cooke 
telescope. See description on page 6. 
(b) Objective-prism spectrogram of 8 Piscium. See page 6. 


DISCOVERY AND OBSERVATIONS OF CLASS Be STARS 7 


TABLE I 


Discovery List oF Stars HAVING THE Ha LINE BRIGHT 


No. H.D. a 1900 6 1900 Mag. Sp. Ref. Remarks 
a 108 oh of |+63° 7’| 7.4 | O6e I 
2 698 6) 623 [1-57.39 ae B8sea I 
3 2789 o 26.3 |+66 36 | 8.2 | Bane 6 
4 7636 Terie? es 7a Fa Bane I 
5 B.D.+62°271 r 27.9 |+63 7] 8.2 | B(8)ea | 3 | NearH.D.o105 
Coe. |b.) 254-308 r 45.9 |+54 50] 8.6 | B(2)e 2 
Fey, 12882 2 1.1 |+64 33] 7.5 | Bl2je I 
8 19243 3, 0.7 jae62) oO | 675 B2e I 
9 22298 3 30.3 |+54 50] 8.4 | Bane 4 
ro 23302 3 39.0 |+23 48.| 3.8 | Bsnea 7 | Electra 
pi ae 23480 3 40.4 |+23 39 | 4.2 | Bsnea 7 | Merope 
Degas 25348 3 56.6 |+53 3] 8.2 | Bie 4 
Tarr 29866 4 37-3 |+40 36 6.1 Bea 2 
Edit: 30614 4 44.1 |+66 10 | 4.4 | Oogea I 9g Camelop. 
Tascrerd 33152 Cees cate 30853 7.8 B2e 2 
TON 33232 6 327-40! 58 8.1 Bepv 2 
2 ene 33461 e es l+ar 6| 8.0 | Biz)e 3 
theca 33004 BeOns) isAOn 5 pee B2e 2 
Toe oe 37115 5 3r.0|— 5 42 | 8.2 | Bis)e 1 | Brighter comp, 
. B.G.C. 2850 
2Over: 37490 BE SSa mote fel AL mEAM ey 0 |e coe ee 7 | w Orionis B3e 
Chine 37057 S36 r (+43 0} 7.0 | Bane 2 
Dos 37967 537.2) |-1-23\ 1° 6.1 B3ne 2 
Pe Oe 38191 BR 28.0) | 2825 9-5 Be 4 
DA 39340 5 46.9 |4+26 25 8.1 Bz3e 3 
25...-| B.D.+25°1019 5 47-3 |t25 43 | -8.5 | Be 3 
20 ene 39478 5 47.8 |+26 24 8.4 Bane 4 
Arf eos AIII7 5 58.0 |+20 8] 4.7 | Brsea 3 | x? Orionis 
28....| B.D.+20°1309 | 6 6.3 |+20 7] 9.1 | Be 3 
oie 43285 610.3 |+ 6 6] 6.0 | B(s)e 6 
BPrse 44637 O2y27- ps5. 9.) (72% [Bae 3 
Ci oat 45314 6 21.6 |+14 57} 7.1 | Boje 3 ; 
Beene. 45542 Oros.Only-20727 |) den |eaee ee 8 | »v Geminorum 
Bsea 
BS rats 45910 6 25.2 + 5 57 6. Beqv 2 
Sans 45995 G025 -- LI IO Go |b 2ey: I 
Ce Ig 50138 6740.7. |— OU5e 6.6 B8ev 2 
Omen 50209 647.1 |— oto] 8.3 | B(s)e 3 
Salen. 51354 6 52.9 |+18 2 7 Bye" Flo. ae- 
BO. aes 55135 7 6.6 |—ro 16 Re B3ne 2 
Eng ae 55271 7 7at \—27, 38 |) O27 | Be 2 | Brighter comp. 
B.G.C. 3887 
BOeeuc 56806 7 13.4 |—18 39 One Be 4 
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TABLE I—Continued 


No H.D a 1900 5 1900 Mag. Sp Ref. Remarks 
“Ten G 58715 whormy |-+ 8°29'| 3.1 | B8nea 8 | 6 Can. Min 
42....| B.D.—13°2040 | 7 24.5 |—13 34 | 9.0 | B(2)e 4 
AS Ken 50407 7 25.1 |—21 38 | 8.4 | B2e 4 
fan 59773 yRO.A 236 | tek Baie 4 
Ae tac 62753 7 40.4|/—40 5 | 6.7 | Blz)ne}] 4 
AOw. 26 154218 16 59.0 |—36 36 7 Be 4 
AG ee. 154243 £6 50.2. 30527 3 Bze 5 
Asses 154450 17 0.4 |—35 37 5 | Boe 5 
AQ wae 156468 Tyo. 01/3754 © | Bae 5 
BO wares 160095 I7 32.9 |—33 29 7 | B8ep 6 


DONANH oar NO 
| 
w 
bd 
Ko) 


ike 
8. 
8. 
8. 
8. 
i tyeye 160202 17 33. 6.9 | B(z)eB | 5 
2 oo: 161103 £7°35.5 |—27 12 pike | daxays 5 
Rea 161306 17 39-7 |— 9 46 | 8.3 | Boole 5 
54..-.| D.M.—27°r1944| 17 41.9 |—27 59 | 9.0 eq! 5 
Sg amies 163181 T7eAO 07) |—32027 || 950.0 mmis2e 6 
One 163296 $7 55O73 | — 27500 | mOs08 Accu am |e eee 
BY ee 163454 T7 57.1 |—3r Oo 7.9 | Bre 6 
BB yaa 163868 17 53.3 |—33 24 | 7.2 | B2e 5 
EO aot: 164906 17 58.3 |—24 24] 9.0 | Boje 6 
60, 5-5 166566 Toes Ont ein oa Meron Base 5 
OL as 3 166666 18 6.6 |—15 36 foyer lieprey er 4. 
O25. 5 166734 T3= Ovo: [—TOrAGs | O30 eae me lees 
Oaeros 168229 18 13.6 |—18 16} 9.7 | Biz)e is 
OAneak 168607 ¥3.15.5 |—1625 8.9 | Aose 6 
Ohare. 169226 1$.18.6)—12\ 15 | o.r Be anne Brighter comp. 
B.G.C. 8523 
OG ens 169454 18 19.6 |—14 2] 6.8 | Boe 6 
Orne 169515 18 19.9 |—12 45 |8.3-9.2| Pec 6 | RY Scuti 
ote tyra 169805 18 21.3 |—19 1] 8.7 | B(z)me]}] 6 
OOsa>: 170061 18 22.4 |—14 47 | 10.6 Be~— =| s.aere 
WO... 172694 TOO a5 [ES SY |e Os aN SCD) ano tre 
7 ea 174105 18 43.8 |+15 17 6.9 BSe | Vee 
7 Eerie 175863 TSS 254 |=1-50052)1| 0-0 BSeu llores 
Chee 180398 MPT eae Oya AX Gus lone 
Wa...) BD.+4-14°3887 | 19 17.0 |-+14 42 | “0.5 | Rec ||...~. 
75.22.) BD.--22°3687 | 19 20-5 |-+-22 35 || 8.6 | Bee ~|..... Brighter comp. 
FO ae 183143 TOeZS 0 [pico 0n | Or Ome Ose an creme 
i i eae 187399 19 44.7 |+29 I0 Vio BOCB |p ose 
Savas 187567 EQ ARCA 7 SON Os4e ta eminn | eeee 
79...-| B.D.+-35°3950 | 20 2:0 |-+35 37 | 8.8 | Be  |..... 
SOusc8 192445 20 9.8 |+36 1 Hee B2e® #lieuer 
81....| B.D.+36°3946 | 20 10.1 |+36 18] 8.5 | Boje ]..... 
Ly Marge 195407 20620. O4l-1-20 = 30) IN yaya | Le eee ee eee 
ok aes 198512 20 45.7 |--53 32] 8.0 | Bieje |..... 
BAe. 199218 20 50.6 |+40 19 | 6.5 | Bse 1 | Brighter comp. 
B.G.C. 10606 
Shack 203025 2T°I4.0s\4-56" 12) | Ook Ze 9 eee 
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TABLE I—Continued 


No. H.D. a 1900 6 1900 Mag. Sp. Ref. Remarks 
86.2255 207232 2tb4gem, |+50°13/] 7.0 | B8e |..... 
Oi eras 209409 QTasoet | 298) | Are lan ces: 7 | o Aquarii Bse 
SleRs.od 212044 22° 10.5) || 5a. 22 fey apse ihrem 
SOEs 214748 22 35.1 |—27 34| 4.2 | B8ea t | e Pisc. Austr. 
Osa. 224550 2353-7 |--45 55 Ors el anes | enna 


Stars of Classes F and M 


g1....| B.D.+61°8 o 4.4 |+62 6 


Ga2, {Meni aan 
Ofnke 42474 Cre Ses aires) 14: 7.4 | Mep II 
G35... 193182 20 13.8 |+39 16 6.6 Fse 9 
roy rarer 198287, 8 20 44.2 +38 55 7.0 \| CEse 9 
Oeace 214369 22 32.6 |+57 54 |8.6-9.3| Mep to | W Cephei 
REFERENCES 
1. Publications of the Astronomical Society of the Pacific, 32, 336, 1920. 
2. Ibid., 33, 112, 1921. 
3. Ibid., p. 264, 1921. 
An LOUd.. 345.223; 1022. 
5. Lbid., Dp. 294, 1922: 
6, Lozd., D; 351, 1022. 
7. Lick Observatory Bulletins, 7, 179, 1913. 
8. Publications of the Astronomical Observatory, University of Michigan, 2, 181, 1916. 
9. Publications of the Astronomical Society of the Pacific, 35, 263, 1923. 


to. Ibid., 34, 59, 1922. 
tr. Lbid., p. 133, 1922: 


NOTES TO TABLE I 


Electra, Merope, w Orionis, and o Aquarii were found with a slit spectrograph at 
Mount Hamilton. 

v Geminorum and $ Canis Minoris were found with a slit spectrograph at Ann 
Arbor. 

All the remaining stars were found on objective-prism spectrograms taken at 
Mount Wilson. For dates of observation and other data see Table II. 

H.D. 25348: Remark in H.D., “The line H@ is suspected to be bright.” 

H.D. 33152: Remark in H.D., ‘““The line H@ is not seen as a dark line and is sus- 
pected to be bright. The other lines are hazy.” 

H.D. 44637: Remark in H.D., “The line Hf is not clearly seen and is suspected to 
be bright.” 

H.D. 62753: Remark in H.D., ‘‘The line H@ is not distinctly seen and is suspected 
to be bright.” 

H.D. 198512: Remark in H.D., “The exact character of the spectrum is not well 
defined. On the best plates it is nearly continuous with the presence of bright lines 
suspected. It is apparently of a late division of Class O, or of an early Class B.” 

H.D. 212044: Remark in H.D., “The presence of a bright H, suspected on the 
Harvard plate, has been found on photographs taken at Mt. Wilson.” 
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line to be bright.t In the second column is given the H.D. number 
(from the Henry Draper Catalogue), or the Durchmusterung number 
in case the star does not appear in H.D. The spectral types given 
in column five are determinations from Mount Wilson slit spectro- 
grams.” 

The five stars placed by themselves at the end of the table are 
the only ones falling outside the spectral interval O06 to Aa. 

Details of the objective-prism observations are collected in 
Table II. Estimates of the intensity of the bright Ha line are given 
in the second column on the following scale: 

I= very weak—observable only with widened spectrum and proper exposure 

2= weakest ordinarily observable 

3=medium 

4=strong 

5=very strong—bright Ha strongly exposed even when the adjacent con- 

tinuous spectrum is very weak 
Estimates of the intensity of the dark hydrogen lines in the ultra- 
violet are given in the third column on the following scale: 

o=absent or barely visible 

1= weak 

2=medium 

3=strong (as in an Ao star) 

The chief lines concerned are Hf, Hn, HO, Hi, and Hx. 

In the fourth column, headed “Dates of Observation,” are given 
the last four figures of the Julian Day numbers of representative 
observations. The material is more extensive than this tabulation 
indicates, because poor and inconclusive observations have been 
omitted, and of several observations of the same star made within a 
few days, only one has been listed in most cases. 

Our objective-prism plates show a well-marked bright Ha line 
in the spectra of most of the “bright Hf” stars previously an- 
nounced by other observers. The comparatively few instances in 
which this is not the case are collected on pages 13 and 14. The 
spectra of the first five stars have probably changed since the previ- 
ous observations. 


* Six stars found at Mount Hamilton or Ann Arbor with slit spectrographs are 
included for completeness. 


2 See Table V and page 25. 
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TABLE IL 
OBJECTIVE-PRISM OBSERVATIONS OF STARS OF CLASS Be 


H.D. Ha _ _‘'|U.V. Hyd. Dates of Observation* Remarks 
ota Sur eo cro a (o) 2548, 2566 
“iol Ah) Geta ara B (2) 2548, 2569 
TOK) tetera eases 2 tel sere oee 2548 
SGA renee iae sinekent. 4 ° 2139, 2232, 2580, 2893, 2957 | y Cass. 
WB Olmaa tines aso lake 4 2 2176, 2550, 2586 
B.D.-+62°271...... 4 (o) 2586, 2624 
TOSMO Mortars ces 4 I 2580 ¢ Persei 
B.D.-++54°308....... CeyG er. 2524, 2586 
e252 Rae aidtanerd as 3 (0) 2586, 2623 
LO2A Se prerite eelee 10% el 2233, 2578 
BOSS ORG oan aes Ei ® || tere ta ene 3 2233, 2578, 2623 
BOM 2s eke acess 4 (2) 2232, 2579, 2602, 2776 y Persei 
BA20 Sc Meee cGie 3 (3) fo) 2730 
BOS OmePerant ers aes I 3 2141, 2175, 2905 Alcyone 
BS SAG Mobic eerste ein owe 2 ° 2730, 2776 ; 
ZEOAO porte ete 4 2 2586, 2776, 3103 c Persei 
ROGOO merit rere cg a 2 2730, 2776 
BO OOG Be eretemtely yas nists a 2 2688, 2740 
SOOM Aa ore. eee ses I— (1) 2602, 2605, 2624, 2969 9 Camelop. 
Bir Gy te ceca ee eae (2) (0) 2776 11 Camelop. 
eR Bite re tase ec ic 5 3 ° 2688 
CEVA) se) NT eae LP err oye 2688 
Bedi mente ste 2 2 I 2688 
BSOOA a Merci cts ah orsesa ss 3 2 2688 
BAG Zi Meni ciiees a loi 3 fe) 2688, 3104 
BS AIGM ri sie aac-arttae (ene 2 fo) 2688 
SOS VOMIT None ean 3 I 2728, 2720 
RTO aes mtn wie & eal execcee 2586, 2606 
CU (Se RA one ae 3 2 2362, 2728, 2095 ¢ Tauri 
1 Slow fie ce oS 2 I 2088 
BOO Wi Ns camera eo Sint z 2 2728, 3104 
BoOLO eaters aie 3 ° 2728, 3104 
ROTO lame cer eta 4 ° 2729 
Geen s aauace come 2 ° 2729, 3104 
B.D.+25°ror9. .... 3 fo) 2729, 3104 
hays ly poke, hewn meer ee 2 fe) 2720, 3104 — 
ASCE Visetiere cece aoe I— (x) 2728, 2745 x? Orionis 
ADS 3 5cc hails skelsce 3 ° 2586, 2669, 3080 
B.D.=F20°1300. .... 4 ° 2729 
ABOU ie Mee he cteiett rece 2 2 3080 
AAG tot, igre Seater 2 ° 2728, 3081 
AEB Tee ences oa svaces 2 fe) 2728, 3081 
CSE PGS oA nar enh 3 I 2602, 2669 Brightest comp. 
B Monoc. 
ASOLO cee sees costs ors 3 I 2669, 2687 
A SOO Siaeteveertre einer s- 2 2 2390, 2728, 3081 
B.D.+10°1172..... 2 Pek oy 2720 N.G.C. 2247 
BOOS Sto niiahe tian 2 I 2669, 3080 
OES Since oniecmat rs cass 3 2 2669, 3080 
Noble Whowecos st aaeee (2) 2 2669 
TS Airs Lactose Sevete ei shee 2 2 3081 
I TAGO ne raxt cuca eater cts 4 ° 2700 


* The last four figures of the Julian Day number. 
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TABLE Il—Continued 


H.D. Ha ‘|U.V. Hyd. Dates of Observation Remarks 
RSLS renee iaae a ae 3 ° 2700 
EPP binant A NG Beek 4 2 2700 
BOOTAaieed. ae cee ee ? I (2410), (2700) | 27 Can. Maj. 
SOTSO sacs east ere 2 2 2410 w Can. Maj. 
ISOSOO Re mic idee: bs (o) 2700 
STROM ore reae 4 (0) | 2763 v’ Puppis 
BSOLTE Mev coctsene (2) I 2700 
BRZAS erctie occce betes IP I (2700) 
B.D.—13°2040..... (3) 2 2700 
BOA GY. castrcinais nee aats 3 I 2700 
50773 ante cane aie (2) 2 2700 ; 
600005 oss acon ses 4 I 2763, 2764 z Puppis 
OG Rai Etebtatnnmrereers 3 ° 2764 
SOR cram taare ee eten 4 (o) 2763 r Puppis 
TOORS Te eee 4 2 2403, 2439, 2518 _« Draconis 
Ted ap ein ikoae Sear a 2 2407, 2475 m Centauri 
ESADES cree sain evcd Caen US Vicvoxere aes 2877, 2878 
TEAZAC EN eae ais ED eee eran 2877, 2878 
TEALSOn shite satnetaes «5 5 | aera 2877, 2878 
TER GOO sy eerie orsiagito 4s 3 ° 2877, 2878 
pitty oD saat te Spry te Ay dew lees ate es 2877, 2878 
TROAOS cance stove a ee Be MN a earuth 2877, 2878 
TOOOO Gi 5 sich onisertats Pp | Pore eer: 2877, 2878 
MOSZORs shoe Sema mete Be Wee beay oie 2540, 2877 
PO MMOR eee are este ois AD Shee vee 2541, 2878 
TORSO Ceres ease: 3 (1) 2903 
D.M.—27°11944..... te cteste we 2412, 2546, 2878 
POST cicieistatienits ass 3 ° 2539, 2877 
TOZ290 5 sc cises wis v8 2 3 2903 
ORANG ep taec eae aes 3 (0) 2541, 2878 
POCO ele tare cteraie ss es 3 I 2539, 2878 
ROAQOO cae ts aaa ge eye Mil leric eee: 2877, 2878 
TOOSOO irs ote. cine wie 3 I 2903 
TOOOGO sera a eines ae es 3 ° 2903 
POO TRAM chery eects I— I (2411), (2903) 
OTROS 2ie's eh > aie hee Bb enall oo mre 2541, 2878 
TOOOSO tn eisacey ss ee Ee ° 2903 
BOSCO rae) I, tm teaceatn = SP A secrete ct 2903 
MOOS Omir tad aise Pee PVE iets Pe 2903 
HOA CA Siti ire, < Se he > 3 ° 2903 
WOGR TS et seme ee Ae 4 (0) 2903 RY Scuti 
TOQSOS No ce kee 3 I 2903 
TPVOOOT Ms sc wicete ate eee 3h] sl ceereracgs 2903 
TVOZS Bh ke Gee ere A ON ive Scere 2540 
EVQOO0A doe soe cine ae 3 ° 2903 
ESATO ata cetercomtte 2 ° 2903 
EV ALOR ibsaty oie tetas ttes 2 2 2938 
ETA ORO F iciauccl ewe sta 4 I 2548, 2550 B Lyrae 
ByROO Sawa ek Saas 3 & 2548 
TSOSOO aster eae ee 4 I 2938 
BoD T4s3 887 eee AD Glee crete 2587, 2938 
ER Be oe tat Aa eee ya a Rees 2587, 2039 
LORTAG Re acio eet 2 ° 2587, 2938 
TOV ZOO sitsicsicric Onis 3 I 2939 
BS ON es fos Cert & ° 2938 
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TABLE I1—Continued 


H.D. Ha _('|U.YV. Hyd. Dates of Observation Remarks 
B.D.+35°3950...... 4 (0) 2061 
TOOOAA sent nga tes Sebel a 2580, 2961 
LQ UOTOs te eter enter y. 3 I 2570, 2961 b? Cygni 
FQ 2AA Sehr cornet art 3 (1) 2579, 2580 
B.D.+36°3046...... 2 fo) 2579, 2061 
TO SOOO eee hic icine asc 3 fe) 2580, 2939 
TOS 2S on cveleye o.niete sieves 4 ° 2140, 2580, 2893, 2961 
LOSAO Vereen cuna a ie 3 ° 2579, 2001 
KO fo) SY rant. or eee Bi) \ Pre ors 2996 
UGO2TO os ee eee ace 2 2 2579, 2580 
TOOSh Ossie nts poe acc a ° 2579, 2580 
ZOO Tene. si eta eels Ae | Sess 2487, 2518 N.G.C. 7023 
BO DOOA sree wx SE cas 2s a 2 2580 v Cygni 
DOGO DR Aree srk sneer se 2 2 2996 
BORAT Aiea Seren (oe Heaths 3 ° 2996 
BORA age serene eae 3 fo) 2487 6 Cephei 
BOOT Siweder ie nieicene tee 4 ° 2990 
BOT ILO wr teteiets sever ers I 2 2996 
BOO COME edien 3 (rz) 2602 o Aquarii 
DE DOA Niece en<fachee I fo) 2996 
BOOT Oi revativG ee, osc. I 3 2995 31 Pegasi 
COI ALS jG nes Poe eee 4 I 2602 a Aquarii 
SIG RGT Ae So a a I 3 2141, 2175, 2578 e Pisc. Austr. 
Ppt flo V ts, ce AOI TOOK 3 3 2140, 2175 6 Piscium 
PYM oye: A se carat me Rem (2) 2542, 2507, 2647 
DOROOK etois.s) naaureists ches 4 fe) 2542, 2569, 29907 


NOTES TO TABLE II 


H.D. 22192, w Persei: The ultra-violet hydrogen lines may vary in intensity. 

H.D. 29866: The ultra-violet hydrogen lines may vary in intensity. 

H.D. 45314: Bright Ha may have increased in intensity between J.D. 2422390 
and J.D. 2423081. 

H.D. 45910: The ultra-violet hydrogen lines may vary in intensity. 

D.M.—27°11944: Bright Ha appears broad but is sharply bounded on the short 
wave-length side. It probably is of the P Cygni type. This star has an extraordinary 
spectrum. 

H.D. 174638, 8 Lyrae: Bright \ 6678 He is clearly seen on plates taken on 
J.D. 2422548 and J.D. 2422556. 

H.D. 224559: Bright Ha appears to vary in intensity. 


References to bright lines in the spectra of the remaining three 
objects have been published by other observers, but it is not clear 
that the present observations constitute evidence of variability. 


SPECTRA IN WHICH Ha APPEARS TO VARY 


H.D. g105: See Publications of the Astronomical Society of the Pacific, 
34, 180, 1922. 
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H.D. 58978: Bright Ha is very weak or absent on a plate taken 1921, 
January ro. 

H.D. 181615, v Sagittarii: The spectrum appears continuous at. Ha on a 
plate taken 1919, July 1. This spectrum is known to be variable. 

H.D. 193516: Ha is not seen as a bright line on three plates taken between 
1920, September 11, and 1921, September 28. 

H.D. 217050: Bright Ha is very weak or absent on a plate taken 1920, 
November 18. This spectrum is known to be variable. 


DOUBTFUL CASES 


H.D. 47129: Bright Ha is very weak or absent on several plates taken 
between 1920, March 6, and 1922, January 22. 

H.D. 162586: Hais not seen as a bright line on several plates taken between 
1920, August 2, and 1921, July 7. On two plates it appears dark. 

H.D. 193443: Ha is not seen as a bright line on three plates taken between 
1920, September 11, and 1921, September 28. A slit spectrogram taken 1924, 
June 11, shows HG, Hy, Hé, and He as absorption lines. 


Numerous bright-line spectra of various kinds, including gaseous 
nebulae, Wolf-Rayet stars, and novae, are shown by our objective- 
prism photographs, and, as the bright Ha line is an interesting fea- 
ture in nearly all cases, it seems worth while to make a record of its 
appearance, especially as the red portion of the spectra of these ob- 
jects has seldom been observed. In Table III are given the dates of 
observation and notes chiefly concerning the bright Ha line. For 
several stars having numerous observations, intermediate dates have 
been omitted. 

The right ascension and declination for 1900 of the objects which 
are not in the H.D. are given below. 

T Pyxidis: gto™5, —31°57’. See Publications of the Astronomical Society of 
the Pacific, 32, 200, 1920. 

N.G.C. 6334: 17513™7, —35°58’. 

N.G.C. 6357: 17518™1, —34°6’. Near the Wolf-Rayet star —34°11675. 

— 29°13988: 17541™5, —29°57’. See Publications of the Astronomical Society 
of the Pacific, 33, 176, 1921. 

Trifid nebula: 17556™6, —23°2’. 

Dumbbell nebula: 1955™3, +22°26’. 


Nova Cygni: 19455™6, +53°21’. See illustration, Publications of the Astro- 
nomical Society of the Pacific, 32, 321, 1920. 


L.C. 1470: 23*1™0, -+509°42’. See ibid., 33, 176, 1027. 
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The Ha region of a number of Be stars has been observed with 
single-prism slit spectrographs attached to one of the large reflectors. 


H.D. 


BO 2A 
62160... 


TSZOLQa. ae 
UG o os 


TOIO44:. . «.. 
TOAD 7O cries 


164740.... 
165763.... 


166449.... 
166468.... 


166802.... 
107270505. 
168206.... 
168520.... 
M7OTs Al. <n 
EPATOT mers 


7525 aaa 
184738.... 


186924.... 


MG 7 OSes ia. 
TOLOLOn = 
TO2TOS|. 5.10 
TORTOS cle 
I92641.... 
EOQSO 77ers: 
O35 7Ouee 


193793---- 
2OT2 7256 


Object 


Orion nebula 


— 37° 11206 
N.G.C. 6302 


N.G.C. 6334 


N.G.C. 6357 
— 29°13998 
N.G.C. 6445 
—36°12130 
Trifid nebula 


N.G.C. 6523 
—21°4864 
N.G.C,. 6563 
N.G.C. 6565 
N.G.C. 6572 
Nova Ophiuchi 


—11°4953 
Omega nebula 


Gaseous nebula 


Nova Aquilae 


Ring nebula 
+30°3639 


N.G.C. 6826 


Dumb-bell nebula 


Nova Cygni 
+35°4001 
N.G.C. 6884 
135-4013 
137 3821 
+36°3956 
+36°3987 
+38°4010 
+43°3571 
N.G.C, 7027 


Ee CeIATS 


TABLE III 


OBJECTIVE-PRISM OBSERVATIONS OF NEBULAE, WOLF-RAYET STARS, 


AND NoVAE 


Dates of Observation and Remarks* 


2605. Hai image strong. 

2700. Ha image strong. 

2430-2441. Ha very strong. 

2877. Ha rather weak. 

2877. Ha image appears stronger than the combined 
images of Nx and N2. 

2877, 2878. Remarkable group of gaseous nebulae 
near here. 

2877, 2878. Ha bright. 

2541, 2878. Ha strong. 

2903. Ha bright. 

2540, 2878. Ha strong. 

2877, 2903. Ha image differs from the appearance of 
ordinary photographs. 

2412, 2877. Interesting detail in Ha image. 

2903. \ 4653 extremely strong; \ 5813 very strong. 

2541, 2878. Ha bright. 

2541, 2878. Ha strong. 

2845. Ha very strong. 

2550. Ha very strong. 

2903. Ha probably bright but not strong. 

2411, 2903. Much fine detail in Ha image. 

2877, 2878. Ha bright. 

2140, 2524, 2542, 2845. Ha very strong. On last plate 
continuous spectrum strong in violet and weak in 
red. 

2546. Ha strong 

2939. The combined image of Ha and AA 6548, 6583 
is extremely strong. 

2487. Ha bright. 

2938, 2939. Interesting detail in Ha image. Fairly 
strong image in ultra-violet, perhaps \ 3727. 

2566, 2570, 2602, 2623. Ha very strong. 

2579, 2961. Ha strong. 

2961. Ha bright. 

2579, 2961. Ha strong. 

2579, 2961. Ha strong. 

2579. Ha bright. 

2579, 2961. Ha bright. 

2579, 2961. Ha bright. 

2487, 2579, 2961. Ha bright. 

2580. The combined image of Ha and AA 6548, 6583 
is very strong. 

2997. Ha strong. 


* The last four figures of the Julian Day numbers of the dates of observations are given. The remarks 
refer entirely to emission lines. 
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The dispersion at Ha is about 170 angstroms per millimeter. The 
results are collected in Table IV. 
Il. THE BLUE-VIOLET SPECTRAL REGION 


The objective-prism spectrograms obtained with the r1o-inch 
telescope yield little information concerning the lines H6, Hy, and 
H6, as the part of the spectrum containing them is much out of 


TABLE IV 


OBSERVATIONS OF Ha witH SLIT SPECTROGRAPHS 


H.D. Object Date Character of Ha 

GOS 2 shred aba oe heats se 1923 February 6 | Strong bright 
OX Voy Pace Electra t91g November 8 | Weak bright on absorption 
ARASO. ar me Merope 1919 November 8 | Very weak bright on absorption 
PEASE (ehee Alcyone 1919 November 8 | Strong bright 
23862...... Pleione 1919 November 8 | Absorption 

1921 November 12 | Absorption 

MG LED ny eye oe X Persei 1923 September 1 | Strong bright 
FO { Neha CoE Mae Gone ane 1923 February 5 | Strong bright 
ROOLAMaratas 9g Camelop. 1921 February 28 | Very weak bright 


1924 March 12 | Very weak bright 
March 13 | Very weak bright 


AGT te as x? Orionis 1921 February 28 | Weak bright 
March 30 | Weak bright 
ATER AE ee real cls Sad cathe axe 1923 January 7 | Strong bright 
Dey hee 8 Can. Min. 192t March 29 | Bright 
TOO8S xe. csc = x Draconis 1924 March 12 | Strong bright 
ERE GOO re shee entice se eiera omic 1923 April 30 | Very strong bright 
COOSA sere wal ssa ioidins he Ae ees 1922 October 8 | Bright. Not sharp 
TOOLAG colete ca trata, antetist st 1922 October 7 | Probably bright 


October 8 | Probably bright 
1923 September 1 | Bright 
214748...... e Pisc. Austr. | 1921 November 12 } Strong bright 


NOTES TO TABLE IV 


H.D. 166734: The continuous spectrum is strong in the red. 
H.D. 183143: The continuous spectrum is very strong in the red. The first two 
plates are overexposed. 


focus. We have observed this spectral region, therefore, with single- 
prism slit spectrographs attached to one of the large reflectors. The 
program included all the stars found with the 1o-inch telescope to 
have the Ha line bright, and in addition a number of previously 
known “bright H8” stars, particularly those for which there is no 
published record of observations with a slit spectrograph. An 18- 
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inch camera was used in practically every exposure, the dispersion 
being as follows: at HB, 57 A per mm; at Hy, 36; and at H6, 28. The 
data from these plates are collected in Table V and the accompany- 
ing notes. 

In the first column is given the H.D. number (from the Henry 
Draper Catalogue), or the Durchmusterung number in case the star 
does not appear in H.D. The common names of a few bright objects, 
and, for double stars, the numbers in Burnham’s General Catalogue 
of Double Stars (8.G.C.), are added in the notes. Descriptions of the 
hydrogen lines are found in the next three columns. The character 
of the lines (Ch.) is described by means 
of the following symbols:* 

A=absorption 

C=continuous S 

P=P Cygni type, i.e., a bright line with a 
dark line on its short wave-length edge. 


| 
| 
| 
| 
| 
| 
S, D refer to bright components 
rae De 
S=single 
| 
| 
| 
BO) ea 
' 
' 


D=double 


The intensities (Int.) refer only to 
the bright components and are on the 
following basis: 


o.5=very weak P 

I =weak 

2 =medium 

3 =strong Fic. 1.—Typical intensity curves 
4 =very strong of hydrogen lines. 


The bright lines are nearly all superposed on wider dark lines. 
Typical intensity-curves of the different types of lines are shown in 
Figure 1. The structure of a complex line is usually symmetrical 
about the normal position of the line, but there are a few exceptions. 
Aside from lines of the P Cygni type, which are of course decidedly 
unsymmetrical, there are complex lines of the ordinary type in which 
the two bright components are of unequal intensity. All definite 
instances of this kind are mentioned in the notes following Table V. 


t The notation is similar to that employed by Lockyer, Monthly Notices, 84, 400, 
1924. 
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TABLE V 
DaTA FROM SLIT SPECTROGRAMS OF THE BLUE AND VIOLET REGION 
Hp Hy Hé - 
HD Tyre vo 
Ch Int. Ch. Int. Ch. Int. 
TOS eae: S 3 S 3 S 2 O6e — 60. 
608). <5 AD | See LWT Nocatee AM ol sets B8sea | Variable. 
27 G0 ween Ce cae cer An eee he psa Rae acct Bone 
7OB05.0 ee S B S 2 S ous) || B2ne —I5, 
OLOR cis ind Aw Ole cri. Tea Rockets Ay ease: B4s —43: 
+62°271 S I AAs || Secret ate DWT Pyontemn er B(8)eB 
+54°398 S I Ge cenit Go bie B(z)e 
T2882h ahs <'s D? I OEE Alar ane ate Aes epee B(a)e 
TES OR an. cake WN Od Peace. AS elles cohen 7 as Micacnew ar I — 34. 
PEAROG c tefein S 3 S 2 S I B(o)ne 
TO2A3 ceviche S 2 S I Coa |Seeatereees B2e —20: 
22208...... D? 0.5 Ce Neat yale Mirrors 4 Bane 
BEB802 se aus RU eee cee TAMU Pasesrars pete AY Mls eaters B8n 
BASS Apne D? I On nia all ere B(o)e 
BESAG ts ates 5 iByy I D 0.5 Cay Ue eee B(ze 
2OS00e aes Ae Pac hes Beg \icteesctenere Al castes Bea 
BOCA renin Not rece sits Ae | cree Ange lec songs Ooea 
RTO oad S & S 2 S I Bze —4. 
ao rere cts | ere eietoke|| vie si starete | clot Pete asace | uatereucs teai| ec ecsnntonenalfonetorenetcte Bepv 
BSAGU ows ss D 0.5 aay | eta sver: Feil Pane ne B(z)e 
Ee ley Maree S 2 S S (6). B2e 
EvlOP Sie syeeaee D? 2 D? I Gy ric.aesctees B(o)e 
BOENGE ciate D? I CaP Gece nc s becitoeseg Brine 
QUOT Bie. Stine D a D I IE nee oc B(s)e 
VOSS ester « D? I CMT Aacrderee Avan, | Stare ere B3ne 
ic fa oy Deeper S I Aq alee Aa seer Bz3ne 
BEOLOs., ears D? 2 D OW becanee Be 
BOLOL ees. sys 2 D Ce A ieceres Be 
ROSA Was es D? 2 OP rae Be an eestinsence? B3e 
+25°1019 S 2 D? 0.5 OE Pcie Be 
BOATS oa cimsce D? I D 0.5 PD ee renner Bane 
ATEN toasts’ yee 4 Ree coms |\ cera eters Dee Reransac Bisea 
+20°1309 S 2 (Ona Pie ote AS mule cctyenee e 
AZ2O RN care» D? 0.5 BM pier Nee bl sate: B(xe 
AAGRY 4. 212 S 2 Ore ee onal ersten Neko haa Bz3e 
ASAT het eens De re Cow ee ee (Cap ieee Boje 
POY blag Negeined Osan eRe keer Roe Mee eAr en cre ciel irae coi Bep 
AROEO ne 21a ge eae ccek 1 FW) po decea UB Eyes ee Beqv 
ARQOS erage fo seetriel| oe acted al eteratene evel erect as Pte eke a oye Bzev 
BOOSS. = ass D? 2 D I Coaliaieeer Bre 
Gere eae ani Biccore Tee) bx-ktvcr cel lee: en) eave naz itend Medteann Mar cesttesd B8ev 
BO2OO serie S I TE Tee SA eer penal eae B(s)e 
RESEA sis sss Coe aie ers 1 eee Jem lise wars Bae 
RESO ccto gt lz 4 de B P 2 B8eq 
RE TSG AS s ciats 5 2 AM aed Ang Vic reneenae B3ne 
ey bie eee D? I D fo Foy a Pepe es eal oa dna Be 
BOSOG nS < vids D? 2 (Od ae Cx | boacece Be 
—13°2040 S 3 5 I D 0.5 | B(2je 
ESQAQ Tce sts D? 2 D? 0.5 A elec Be 
BO nomen. D? I | Ne Cr ee eared [ye fa B(g)e 
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TABLE V—Continued 


renee METS yt RADIAL 


VEL. 
Int Ch. Int. 

O2753. aan ot 0.5 vata eee ere B(2)ne 

G58 75 tenes: I (Ore 8 ere oe Bze 
T2OSOA errr eter [citecssrly Ar ie we nies AD reac B2 
Payor. orion © aN Oa er creel team’: ad eee PS ket eae B(o)n 
9g 2236 aye ats I fs Wee eee B(2)eq 
DR AZT S. oceleo s ro aa Wists coo 8] on ome Be 
WSAZA 6 uses je ead Weer ote Bz2e 
ESqA50.0 <n ee Ae acticks heen Boe See note. 
1a r(210\ 015 25.5 orl Pope ts Sel (Ae Cosemaed [eee Gage (eryeicrens ire teed (baie) ate O8e 
TEOACBis cake nc ga en ie fa xo B2e See note. 
ROMO) Se eeareme rete | eter ce ys flency ene rere elec -okaie ei levee co ehory | atlas taue| areas B8e 
RCC O2 eee | Me ri | or wer] ALM | PRR ee ne one on | ane Sete B(ep 
TOLIOZ ass Te maa Roe iN Bne 
TOMS Ue, Slo tia Ol pe Cela eae arcade eae th CIE OT Rd Ree eee (Ok eee Bep! 
TOLSOO.. en se 2 ial | eee B(o)e 
—27°11944... El tl a rae ae | fata Beq! 
ire ey ool eS eee d Cen celtae tcc o oe (moroccan oneal pate Bze Variable. 
S52 peer wren asi tale cos | acter oth | esate re iie|| Gv oonesieis | Siolora: sare’ |'coer soa Aze 
PORARA nator go | SR eee acters ere Bre 
Me Octet, a) ee Ne abet tee lieve acs ie Wes eas Bz2e 
TACO ee oy | ee fm Cg be vecte ea ace & B(o)e 
RGOSCOMmeE se | m S twee | NS |e nacelles nine. c|oasces ere Base 
OOOO weit att | Mra) e a De G[ pe Gam le. crercel|le gieicre ata ere wceletare Be 
NOB ben ced ciel alge pao Merch] Me eoe an (A oa aice aca avy ene te Bea 
168220...... Oss hein | ae B(a)e 
TOSGO7 so esos Shoe Warsinte one Wee atte © Aose 
TOMS cog aerate ge Het 8 inca al eeianind tects carseumeis Be 
MOA SA een rery |main| ME ii aE OY eayare a.oie |laneiaietora a] ameversiees Boe 
MOOS TS as... Bille Wow aln wn | seat meget Pec 
169805.... 8 ed eee Men AS B(z)ne 
TFOOOLMee Teen ate | | AC. on. eae ola sten ac ogee we Be 
TPAC CY ley Sy each a] ecto ADORE ee ar CReecond (Genera Par rets Bep 
TA TOSWerA es OO eer Wh An Ulan ora A eet B8e 
Ly Costrace Oe led. |e Spas Sfemiemand POTN Siediaauee Bz3e aT 
180398 attr oe ACE cca ael eat B(ze 
+14°3887 CR epee ons Preis a Pec 
+22°3687 Daa Rae (ee Bze —3. 
POST Aare ease tcle |, A Tee coke Ue Ee teers Bosea | +13. 
THO OOS Bebo] | ete leat (i: eel oars non boaieeece fee Resto BoeB 
PO TROvmee tie || Meroe aii ee) Cu ieee ack fs NO ee Bre See note. 
+35°3950 I Cig case Be 
MOodAS ee eee ee ee Ce eck ye oa amet o B2e 
+36°3046 0.5 CA Nea aes Boje 
TOZOCO. cs sic 0.5 Ge hl iceetese: Brine 
NOV ye 5 ool ON V[eseeecal (2 ORs RRS Gere Tale IN Perea Bre 
MOOSE Qe Sees I (CNN OR am es B(2)e 
Toes ye tte fp ADL 0 ie oa | ees Wal a eeeereic PO Ae eiahe tetas Bse 
MQO250. wee nc 5 0.5 Ce. Nee toe Be 
BOAZ7A calc ss I Cm | ilaetecsts Be 
BOOT 7 Bin «cio 2 I (02d lean eroer Be 
Aeyekv in wes) aD) Me teen ey: Se Beeeeee Aten | ene B(8)e 
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TABLE V—Continued 


Hg Hy HS e 
up. |-————}-___—__|—____| tw: | 4 
Ch. Int. Ch; Int. Ch. Int. 
DZOTN5 aie ee S 5 S 4 S 3 Bepv 
212044...... S 2 D? I COR senate Be See note. 
QTAVAS = sons a el ee Ses oe yaad PERS trarc AY iShares B8ea 
2IABSO. etre. D 2 D I AN cligeeeresie B3ne °. 
22500Se ee ar S 3 S 2 De? I Bre 


DATES OF OBSERVATION AND NOTES 


H.D. 108: 2596, 2624, 2625, 2914, 3245, 3629. The hydrogen lines from Hf to He 
consist of rather narrow bright lines superposed on faint dark lines. The dark compo- 
nents on the violet sides of the bright lines are slightly stronger than those on the red 
sides, and as they are near the positions of the lines which belong with the Pickering 
series, they are probably due in part to He+. The Pickering series appears wholly 
dark; the following lines are seen: AA 4025.64?, 4199.87, 4541.63, and 5411.57. The 
velocity from the bright lines H8, Hy, and Hé is —s58, and from the dark Pickering 
lines \A4199.87 and 4541.63, —63 km/sec. These values are in substantial agreement 
with Plaskett’s results in Monthly Notices of the Royal Astronomical Society, 84, 84, 
1923. 44686 Het is bright. D3 and \4471 He are bright, the latter with a dark com- 
panion on the violet side. \4552 Siis bright and there is a trace of bright \4567 Si. There 
are several bright lines in the region \ 4640-50. H and K are fairly strong dark lines. 
This is a very interesting spectrum, well worth further study. 

H.D. 698: 2626, 3244, 3245, 3809. Spectroscopic binary. Velocities from individual 
plates are +58, (+29), +20, and —10 km/sec., respectively. 

H.D. 2789: 2916, 3339. 

H.D. 7636: 2596, 3810. Sharp H and K. 

H.D. 9105: 2594, 2624, 2746, 2925, 2927, 3245. This spectrum is evidently variable, 
as the bright hydrogen lines have disappeared since the Harvard observations. See 
Publications of the Astronomical Society of the Pacific, 34, 180, 1922. The velocities from 
individual plates range from —29 to —60 km/sec., but the mean value, — 43, agrees 
with that reported by Plaskett in Monthly Notices of the Royal Astronomical Society, 84, 
84, 1923. 

B.D.+62°271: 2897. 

B.D.+54°398: 2667, 2907. Aside from bright Hf, the spectrum is nearly con- 
tinuous. 

H.D. 12882: 2719, 2917, 3988. The bright line at H@ is stronger on the violet side. 

H.D. 15325: 3307. In Praesepe cluster. Brighter component of 6.G.C. 1277. The 
bright lines noted by Harvard seem to have disappeared. 

H.D. 15450: 4018. Observed with ro-inch camera. 

H.D. 19243: 2596, 2951, 3335, 3652, 3778. Sharp H and K. 

H.D. 22298: 2926. 

H.D. 23862, Pleione: 2271, 3006, 3339, 4046. The first two plates include Ha, 
which is a strong absorption line. The Balmer series, once partially bright, now con- 
sists of broad, strong, dark lines, as in rgr2 (Lick Observatory Bulletin, 7, 167, 1913). 
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H.D. 24534, X Persei: 2719, 3064, 3664. Sharp H and K. The dark lines, aside 
from H and K, are faint and indistinct. 

H.D. 25348: 2926. H and K are probably present as weak, narrow, dark lines. 
The other dark lines are indistinct. Remark in H.D., “The line Hf is suspected to be 
bright.” 

H.D. 29866: 2689, 2695, 3335. Aside from the hydrogen lines, the spectrum is 
nearly continuous. 

H.D. 30614, 9 Camelopardalis: 2631. Sharp Hand K. See description of spectrum 
by Lee, Astrophysical Journal, 37, 1, 1913. 

H.D. 33152: 2689, 3360, 3806, 3808. The bright hydrogen lines are unusually 
narrow. Remark in H.D., “The line Hf is not seen as a dark line and is suspected to be 
bright. The other lines are hazy.” On our plates the helium lines are distinct. 

H.D. 33232: This variable spectrum is under observation and will be described in 
a future Contribution. 

H.D. 33461: 2694, 4047. The violet component of bright Hf is the stronger. The 
edges of Hy are probably faintly bright. 

H.D. 33604: 2690, 3335, 3456, 3908. The bright hydrogen lines seem to have 
become weaker since the first observation. On the last photograph the bright compo- 
nents of Hy and Hé are weak and indistinct. 

H.D. 34921: 2973, 3692. 

H.D. 36576, 120 Tauri: 2973. 

H.D. 37115, brighter component of 8.G.C. 2850: 2626. The measured separations 
of the bright components are: H8, 3.8 A; Hy, 3.1 A. 

H.D. 37657: 2694. 

H.D. 37967: 2746. 

H.D. 38010: 3653. Aside from the hydrogen lines, the spectrum is nearly con- 
tinuous. 

H. D. 38191: 2969. Aside from the hydrogen lines, the spectrum is nearly con- 
tinuous. 

H.D. 39340: 2759, 3338, 3808. The plates apparently show a slight change in the 
bright Hf line: on the first plate the component of longer wave-length is the stronger, 
but on the other plates the two components are of nearly equal intensity. The meas- 
ured separations of the bright components of Hf on the three plates are respectively, 
Aeoys., and 3.0 A. 

B.D.+25°1019: 2779, 2790, 2981. 

H.D. 39478: 2953. 

H.D. 41117, x? Orionis: The orbit of this spectroscopic binary (Lick Observatory 
Bulletins, 6, 144, 1911) is under investigation by Mr. Sanford. 

B.D.+20°1309: 2779, 3782. 

H.D. 43285: 3127, 3336, 3800. 

H.D. 44637: 2748. 

H.D. 45314: 2747, 3692. Sharp H and K. The other lines are very faint. 

H.D. 45677: This peculiar spectrum is under observation and will be described in 
a future Contribution. 

H.D. 45910: The remarkable variations in this spectrum have been described by 
Plaskett, Publications of the Astronomical Society of the Pacific, 35, 145, 1923, and by 
Merrill, ibid., p. 303, 1923. 

H.D. 45995, brighter component of 8.G.C. 3427: The structure of the bright hy- 
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drogen lines varies. This spectrum is under observation and will be described in a future 
Contribution. 

H.D. 50083: 3725. Measured separation of the bright components of Hy, 1.8 A. 

H.D. 50138: The structure of the bright hydrogen lines varies in a period of about 
twelve days. This spectrum is under observation and will be described in a future 
Contribution. 

H.D. 50209: 2694. 

H.D. 51354: 3126, 3134, 3337. Trace of a double bright line at H. 

H.D. 51480: This spectrum, which is of the P Cygni type, is under observation and 
will be described in Contribution No. 295. 

H.D. 55135: 2720. There is probably a very weak double bright line superposed 
on the broad absorption line at Hy. 

H.D. 55271, brighter component of 8.G.C. 3887: 2718. 

H.D. 56806: 2981. 

B.D.—13°2040: 2979. 

H.D. 59497: 2980. 

H.D. 59773: 3038. 

H.D. 62753: 3036, 3810. On the first plate the violet components of bright H@ and 
Hy are stronger than the red components. The structure of HG may vary, as the bright 
components of Hf appear to be more nearly equal in intensity on the second plate than 
the first. The second plate is under-exposed at Hy. 

H.D. 65875: 3039, 3725. 

H.D. 120324, uw Centauri: 3951. The recent disappearance of bright hydrogen lines 
from this spectrum, noted by several observers, is confirmed by our photograph. 

H.D. 127972, n Centauri: 3951. This spectrum is known to vary. 

H.D. 152236, ¢’ Scorpii: 3928. 

H.D. 154218: 2897. 

H.D. 154243: 2897. This star is very near the preceding star, H.D. 154218. 

H.D. 154450: 3248, 3927, 3986. The apparent radial velocities from the bright HB 
and Hy lines for the three plates are +24, +2, and +7 km/sec., respectively. The diver- 
gence of the first plate from the other two probably indicates a change in the structure 
of the lines or in the radial velocity of the star. 

H.D. 155806: 3540. 

H.D. 156468: 3220, 3951. The displacement of the narrow bright Hf line corre- 
sponds to a velocity of about —s5o km/sec., but it is not certain that this is the actual 
radial velocity of the star. 

H.D. 160095: 3245. The hydrogen lines are peculiar. This spectrum will be de- 
scribed in a future Contribution, after further observation. 

H.D. 160202: 2769, 3664. 

H.D. 161103: 2914. The measured separation of the bright components of Hy is 
2.8 A. 

H.D, 161114: The spectrum of this “iron” star is under observation and will be 
described in a future Contribution. See Publications of the Astronomical Society of the 
Pacific, 36, 225, 1924. 

H.D. 161306: 2913. 

D.M.—27°11944: This P Cygni-type spectrum is under observation and will be de- 
scribed in Contribution No 295 


H.D. 163181: 2914, 3247, 3605, 3960. HB, Hy, and Hé are chiefly absorption lines, 
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but at Hf and possibly at Hy there appear to be indistinct bright edges. Spectroscopic 
binary. Approximate velocities from the last three plates are +090, +116, and —226 
km/sec., respectively. 

H.D. 163296: The structure of the hydrogen lines is very peculiar and appears to 
vary. This spectrum is under observation and will be described in a future Contribution. 

H.D. 163454: 3190, 3928, 3987. 

H.D. 163868: 2926, 3960. 

H.D. 164906: 3307. 

H.D. 166566: 2917. 

H.D. 166666: 3221, 3976. 

H.D. 166734: 3245, 3927, 3947. 

H.D. 168229: 3220. 

H.D. 168607: 2952, 3951. 

H..D. 169226, brighter component of 8.G.C. 8523: 3664, 3960, 3987. All the spec- 
trograms are under-exposed. 

H.D. 169454: The spectrum of this star, which contains strong dark lines of He, 
Si, and O, will be described in a future Contribution. 

H.D. 169515, RY Scuti: This peculiar spectrum, in which a bright line is seen in 
the position of the nebular line \ 4658, has been described in the Publications of the 
Astronomical Society of the Pacific, 34, 134 and 295, 1922. A more complete description 
will be published in a future Contribution. 

H.D. 169805: 2979. The measured separation of the bright components of Hy is 
Ge We, 

H.D. 170061: 3244. Plate under-exposed. 

H.D. 172694: This peculiar spectrum, which somewhat resembles that of 
H.D. 33232, is under observation and will be described in a future Contribution. 

HD. 174105: 2951, 3894. 

H.D. 175863: 2566, 2567, 2570, 3191, 3984. The bright portions of Hf appear 
weaker on the last two plates than on the others. 

H.D. 180398: 2951, 3986. The bright portion of HS may be weaker on the second 
plate than on the first. 

B.D.+14°3887: This spectrum, which contains some unusual bright lines, is under 
observation and will be described in a future Contribution. 

B.D.+22°3687, brighter component of 8.G.C. 9287: 2652, 2956, 3951, 3976. The 
measured separation of the bright components of Hy is 2.3 A. 

H.D. 183143: 2951, 3338, 3988. Remark in H.D., “The spectrum appears to be 
nearly continuous.” On our plates several lines are strong and well defined, notably 
Hy, » 4471, and \ 4481. Thus it is possible that the spectrum has changed since the 
Harvard photographs were taken. 

H.D. 187399: 3895. 

H.D. 187567: 2953, 3336, 3337, 4015. Sharp H and K, measured on three plates, 
give a velocity of —2 km/sec. The other lines do not yield reliable results. 

B.D.+35°3050: 2977, 3960. Sharp H and K. 

H.D. 192445: 2834, 3984. 

H.D. 193009: 2951, 3896. 

H.D. 195407: 2952, 3807, 3930, 3952. The radial velocities derived from the hy- 
drogen lines of the first, second, and fourth plates are —68, —82, and —82 km/sec. re- 
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spectively, giving a mean value of —77 km/sec. The intensities of the bright portion 
of the hydrogen lines vary. 

H.D. 198512: 3307, 3928. 

H.D. 199218, brighter component of 8.G.C. 10606: 2853, 2925, 3247, 3896. Meas- 
ured separation of bright components of Hf (mean value from three plates) 3.9 A. 

H.D. 199356: 2973. The separation of the bright components of Hy is not accu- 
rately measurable on this plate, but is approximately 4.2 A. Sharp H and K. 

H.D. 203374: 3013. Sharp H and K. 

H.D. 206773: 2955, 3947. The measured separation of the bright components of 
H is 4.0 A; of Hy, 4.3 A. Sharp Hand K. Aside from the hydrogen and calcium lines, 
the spectrum is very nearly continuous. 

H.D. 207232: 3039, 3926. The measured separation of the bright components of 
H& on the second plate is 4.0 A. 

H.D. 207757: This spectrum, which has shown a remarkable change in the past 
few years (see Harvard College Observatory Bulletin, 762) is under observation and will 
be described in a future Contribution. 

H.D. 212044: 3014, 3984. Approximate radial velocity from sharp H and K, —16 
km/sec. Results from the other lines are not reliable. 

H.D. 214748, ¢ Piscis Australis: 2179, 2576. 

H.D. 224559: 2596, 2656, 2953, 3604, 3779. Measured separation of the bright 
components of Hf, 3.1 A; of Hy, 3.1 A; of Hé, 2.8. The bright portions of Hé are 
feeble and indistinct; it is chiefly an absorption line. Sharp H and K. 


H.D. 225095: 2955, 3952. 


It is impossible wholly to eliminate photographic effects from the 
classification of the character of the hydrogen lines. Better photo- 
graphs might in some instances change the description from D? to D, 
or even, in the case of very faint bright components, from C or A to 
D. In this connection, however, it must be borne in mind that the 
symbols C and A may include lines in which bright portions probably 
exist, provided the bright components exhibit a degree of distinct- 
ness less than that required for the intensity 0.5. Photographic 
conditions such as the width of the spectrum or the effective con- 
trast of the emulsion might, of course, alter one’s judgment on this 
point. In view of the fact that the bright lines of these stars are 
subject to change, and because it is in the weak lines that changes 
may first become obvious, it will perhaps be worth while to describe 
exactly the significance we have attached to the intensities 1 and o.5. 
A line of intensity 1 is a clearly marked bright line, seen at a glance, 
but of the lowest intensity at which a reliable setting can be made 
with the measuring-microscope (magnifying-power 26). Intensity 
0.5 denotes a line fainter than 1 but of whose reality one becomes 
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convinced after careful inspection. Doubtful bright lines have been 
omitted from Table V. 

The spectral types are those estimated from the Mount Wilson 
plates. For types earlier than Bo the system suggested by H. H. 
Plaskett* has been employed. When the spectral subdivision is un- 
certain, it is either omitted or placed in parentheses. The following 
additional symbols recommended at the Rome meeting of the Inter- 
national Astronomical Union? have proved convenient: 

e= emission lines 

n= diffuse lines 

s=sharp lines 

p=peculiar 

v=variable 

q=lines of the P Cygni type 

The bright parts of the hydrogen lines grow weaker from Ha 
toward the violet in all cases. The letters a and 8 indicate which is 
the last line to exhibit bright components. In many stars the transi- 
tion along the series from bright lines to wholly dark lines is so 
gradual that it is impracticable to specify the line at which it occurs. 


I. DISCUSSION 


Table I shows that our observations have added go early-type 
stars to the list of those known to possess hydrogen emission lines. 
Eighty-four of these discoveries have resulted from photographing 
the Ha region with the 1o-inch telescope and objective prism. These 
observations are largely confined to the Milky Way north of declina- 
tion —40°. The areas covered by plates having fairly good definition 
and about the standard effective exposure are charted in Figure 2. 
Within these areas 60 bright-line stars’ were previously known, and 
80 additional ones* have been found from our objective-prism ob- 
servations. The Harvard spectrographic survey showed 49 bright- 
line stars in the same areas. 

t Publications of the Dominion Astrophysical Observatory, 1, 366, 1922. 

2 Transactions of the International Astronomical Union, 1, 95, 1922. 


3 This includes two stars listed in Table I which were previously detected by Merrill 
from slit spectrograms. 

4 Not counting x? Orionis and 9 Camelopardalis, in which the bright Ha line is too 
weak to show on our regular plates. 
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In 41 of our 84 stars, the bright H line is so weak that it could 
scarcely have been detected on the Harvard plates. This illustrates 
the advantage of working with the Ha line. The average intensity 
of the H@ line in the remaining 43 stars is probably nearly the same 
as in those discovered at Harvard, and some explanation of the non- 
appearance of the bright lines on the Harvard plates must be sought. 
Eight stars are not in the Henry Draper Catalogue, leaving 35 which 
were classified at Harvard. In a few cases the bright lines may have 
been missed at Harvard because of unfavorable observing circum- 
stances, but the number appears too great to be accounted for en- 
tirely in this manner, and the question arises whether some of our 
additional stars are not ones in which the bright hydrogen lines have 
come into existence, or at least have become more intense, since the 
epoch of the earlier observations. Such an explanation is in harmony 
with the fact that variations in the intensity of the bright hydrogen 
lines are known to occur in numerous Be stars. A re-examination of 
the Harvard plates and comparison of the appearance of the hydro- 
gen lines with the data in Table V might throw considerable light on 
this problem. A better attack would be the repetition of some of 
the Harvard observations or our own after five years or more have 
elapsed. 

Several stars have experienced a decline in the intensity of the 
bright hydrogen lines in recent years, notable examples being Pleione 
and w Centauri. The list on pp. 13 and 14 adds a few stars to 
those previously recorded. 

It would be desirable to ascertain whether stars of class Be are 
approximately in statistical equilibrium, that is, whether in a given 
interval of time the B stars entering the bright-line stage are about 
as numerous as those leaving it. We should expect this to be true, 
but until recently the only known instances of progressive change 
were those in which the bright lines were growing weaker. This 
may have been caused partly by the fact that bright-line stars are 
more closely watched than ordinary stars and hence changes in them 
are more likely to be detected. A few instances of the appearance of 
bright lines or of an increase in their strength have, however, been 
announced by Miss Cannon" and by Perrine,’ and the present 

t Harvard Bulletin, No. 779, 1922. 2 Popular Astronomy, 27, 91, 1919. 
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observations may contain numerous examples of the same phenome- 
non. It will not be many years before this matter can be discussed 
much more adequately than at present, because of the increased 
attention being devoted to the Be stars by a number of observers. 
This remark also applies to a related question, namely, whether a 
B-type star can pass into the bright-line stage more than once. 

Distribution —Figure 2 shows the distribution of all known Be 
stars. There is a tendency for them to fall into groups which in 
nearly every instance lie near the center line of the Milky Way. 
The strong general condensation near the galaxy is evident from the 
chart. The material at hand is not suitable for an exact study of this 
phenomenon. 

Four groups of Be stars are in regions which are also rich in Wolf- 
Rayet stars. The approximate centers of these regions are: 


R.A. Dec. 

5420™ —68° Greater Magellanic cloud 
IO 30 —58 
20 IO +36 
17 30 —35 


The last three regions are near the center line of the Milky Way. 
Why should Wolf-Rayet and Be stars be concentrated in the 
same regions of space? Are the conditions in these regions such as to 
provoke emission lines in stars passing through them, or have the 
stars therein a common origin which favors emission lines? 
The distribution of the bright-line stars in Table V among the 
various spectral subdivisions is as follows: 


Class TabieV Class Tatiev 
O16) Sed otenar a ead Ae GI TG 2B rapas aehcolete tee a stom rene 2 
OS Sade Mere Ne Ate ae tee Dip (BSc kai Padotnmatestete toot aoe 9 
OR aos o coe avs se RIO Te To JBOis sah Soe ae eee eee 2 
A Slob cae a Maes aa Oe Fame 1 TON AO ais eco ee I 
io eyes Ae ete he. TOQ HAD ea ae ne ee ee I 
OY Re AC ene O33 Bie Sat Seep tore ee 24 
BB casole ne ciaueve een eae OS MER CCCs. 55 trom ee car ere 2 
BAS See eee ee a eee 2 


The relatively high frequency of emission lines among Classes 
Bo to B3, inclusive, is evident. It becomes still more striking when 
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compared with the total number of stars in corresponding groups. 
We may use for this purpose the Harvard counts of the stars brighter 
than 8.25 in the Henry Draper Catalogue. 


Class All No. in Table V Ratio 
Bo-B5 2061 63 r:N 
B8 1604 9 1:5N 
Bo 2752 2 1:40N 
Ao 6320 I 1:200N 


The actual values of the ratio are not of interest, because Table V 
contains but a small part of the total number of bright-line stars. 
These stars do, however, appear to represent a fair sample of the 
whole as far as spectral classes are concerned, and the relative pro- 
portions constitute direct evidence of the preference of bright-line 
stars for Classes Bo to Bs. 
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TWO STELLAR SPECTRA OF THE P CYGNI TYPE 
By PAUL W. MERRILL 


ABSTRACT 

H.D. 51480.—The bright lines were discovered at Harvard about 1892, and recent 
observations at Mount Wilson have shown them to be bordered on their violet sides by 
dark lines as in P Cygni. The hydrogen lines are very similar to those of P Cygni; 
silicon, nitrogen, and helium lines are weaker; and enhanced iron lines are stronger. 
The general appearance of the spectrum remained almost unaltered from 1919 to 1924, 
but measurements show certain changes in the positions of the lines. 

DM .—27°11944.—Bright hydrogen lines were found at Mount Wilson in 1920, and 
subsequent observations have shown this spectrum to possess the P Cygni character- 
istics in a more marked degree than any star previously studied. The bright hydrogen 
lines are extremely intense, and all the lines are very wide. In these respects the star 
occupies a position intermediate between P Cygni and a typical nova. 

The distinguishing features of the spectrum of P Cygni are strong 
bright lines bordered on their violet sides by dark lines. Detailed 
descriptions have been published by several observers." This object 
appeared as a new star in 1600, and the fact that its spectrum still 
retains a partial resemblance to that of a typical nova is pertinent to 
the interpretation of the phenomena of novae. A short list of addi- 
tional stars of the P Cygni type was published some years ago by 
Miss Cannon,” but thus far, aside from P Cygni itself, only one, 
B.D.+11°4673, has been described in detail.’ 

The two following stars have been found at Mount Wilson to pos- 


sess the P Cygni characteristics: 


isl 1D). DM. a 1900 6 1900 Mag. 
51480 —10°1774 Gh som —10° 41’ 720 
—27°11944 47 450 —27 59 9.0 

H.D. 51480 


The discovery of bright lines in the spectrum was announced 
by Mrs. Fleming* in 1893. The following remark appears in the 


t Miss Maury, Harvard Annals, 28, tor (remark 165), 1897; Belopolsky, Astro- 
physical Journal, 10, 319, 1899; Frost, Astrophysical Journal, 35, 286, 1912; Merrill, 
Lick Observatory Bulletins, 6, 156, 1911; 7, 24, 1913. 

2 Harvard Annals, 76, 31, 1016. 

3 Publications of the Observatory, University of Michigan, 2, 71, 1916. 

4 Astronomy and Astrophysics, 12, 810, 1893. The identification given in this ref- 
erence is incorrect. 
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Henry Draper Catalogue: “The line Hf is bright, and bright lines 
or spaces not due to hydrogen are seen. The lines are narrow and the 
line K is as strong as in Class A2.” 

The Mount Wilson observations with slit spectrographs are listed 
in Table I. Several plates taken in the course of the general spec- 
troscopic program have been available for the present investigation 
through the kindness of Mr. Adams. 

Several lines exhibit both bright and dark components as in 
P Cygni, but other lines appear only in absorption (see Table II). 
The hydrogen lines closely resemble those of P Cygni in structure 
and intensity. Silicon, nitrogen, and helium lines are weaker than in 


TABLE I 


SPECTROGRAMS OF H.D. 51480 


Date Spectrograph Camera Region 

EQLO OOCtOben id eran a7 I-prism 18-inch Blue-violet 
1920 November 20......... I-prism 18-inch Blue-violet 
LOZEPJADUATY 20.4.4 ,4 canes I-prism 18-inch Blue-violet 
TO2ZT MP CDIMATV 2221 ena. I-prism 18-inch Blue-violet 
ROQAT MATCH 2O\enute aeons 2 I-prism 18-inch Blue-violet 
1921 November 12......... I-prism 18-inch Blue-violet 
TO2A WATCH GAs pute he ee I-prism 18-inch Blue-violet 
1924 December 14......... I-prism 18-inch Blue-violet 
TOM ANuUArY3 3... ween es Grating to-inch Red 


P Cygni, while the enhanced iron lines and \ 4481 of magnesium are 
stronger. The general character of the spectrum is the same on all 
eight plates of the blue-violet region. The only very definite changes 
noticeable on inspection are, in fact, slight variations in the intensity 
of the absorption at H6. Measurements of the principal lines ob- 
served are given in Table II. As most of the lines are unsymmetrical 
and rather ill defined, their displacements can be determined with 
only moderate accuracy. The figures in Table II are the means 
from two independent measures of each plate. A few indistinct lines 
were measured but once, and the resulting displacements are in 
parentheses. All the values are reduced to the sun. 

The effective displacements of the various absorption lines on 
individual plates, as well as in the mean, differ by many kilometers. 
After making allowance for the large errors of measurement, 
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discrepancies remain which must be inherent in the star’s light. The 
average negative displacements of the absorption components of 
the hydrogen lines, especially H8, are greater than those of the other 
lines, and this is probably caused by the greater strength of the 
emission components. Hed 4471 is broad and difficult to measure. 
The emission lines, as in P Cygni, are in better agreement than the 
absorption lines. Possibly their agreement is within the errors of 
measurement. 4549 seems to be outstanding, but its measured 
displacement has small weight as it may be partially blended with 
neighboring lines. 

Several plates show systematic residuals from the mean. The 
emission lines of the plate of February 22, 1921, for example, give 
an average displacement 27 km/sec. less than the mean; those of 
the plate of December 14, 1924, 34 km/sec. more. On the latter 
plate the absorption lines differ from the mean in the same sense as 
the emission lines. Whether the shifts are periodic or irregular 
cannot be determined from the plates now available. In addition 
to bodily displacements of the spectrum, possibly due to orbital 
motion, certain other changes appear to exist. The third plate, for 
example, gives a considerably greater mean difference between ab- 
sorption and emission lines than do other plates. 

The displacement of the strong emission Ha line as measured on 
the plate of January 3, 1925, is +72 km/sec., in approximate agree- 
ment with the mean result from the other bright lines. 


DM. — 27°1 1944 


A very strong bright Ha line was found in this spectrum on an 
objective-prism plate taken August 4, 1920, by Mr. Milton L. 
Humason.* It appears broad even with the low dispersion employed 
(440 A per mm), but on the best plates is sharply bounded on the 
short wave-length side; it is probably of the P Cygni type. It is 
extremely strong compared to the adjacent continuous spectrum. 

The observations of the blue-violet region photographed with 
a single-prism spectrograph attached to the 1oo-inch reflector are 
listed in Table III. 


* Publications Astronomical Society of the Pacific, 34, 294, 1922; Mt. Wilson Contr., 
No. 294; Astrophysical Journal, 61, 389, 1925. 
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Numerous lines exhibit the P Cygni characteristics in a marked 
degree. The bright portions are very broad, and in this respect the 
star occupies a position intermediate between P Cygni and a typical 
nova. Thus DM.—27°11944 supplies a missing link in the chain of 
bright-line objects connecting ordinary B-type stars with novae. 


TABLE II 


SPECTROGRAMS OF DM.—27°11944 


Date Camera Date Camera 
MO Ste March) 30501. recvee as 18-inch TO2TPANOUSHI 13ers en ele 7-inch 
TO2TA PTI T Ohne a1 tetera ss rS-inch=||"1922 “May 16.5425 .2caans 18-inch 
TOLUEAPIU ZO en ee els TS-ich ||/1023 [uly27 02. so wees ro-inch 
TO2Ts UNC 2s a1 ences rer 18-inch TO24 AUSUSt 20544 ues to-inch 


The bright lines are difficult to measure on account of their 
diffuse, unsymmetrical character, and, except for a few of the strong- 
est, their lack of contrast with the continuous spectrum. A few of 
the dark lines are fairly well defined, though unsymmetrical; but 
most of them are weak and, as a whole, are incapable of accurate 
measurement. The lines (bright and dark) which can be identified 
are ascribed to hydrogen, helium, or enhanced iron. About all that 
can be said concerning the displacements is that those of the bright 
lines are small and positive, those of the dark lines large and nega- 
tive. Because of the southern declination of the star, we have not 
been able to secure well-exposed spectrograms with the 18-inch 
camera. Even with the shorter cameras the continuous spectrum, 
although strong at Hf, does not extend beyond Hy. Probably the 
real spectral intensity-curve drops more rapidly between these two 
lines than for a normal B-type star as the direct image has a decided- 
ly reddish color, although this may be due in part to the very intense 
Ha line. 

Measurements of line-widths are given in Table IV. They are 
merely rough approximations as the results depend to a considerable 
extent upon the judgment of the observer as well as upon the effec- 
tive exposures of the plates. Frost’s values for P Cygni are given 
for comparison. 
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No change has appeared in this spectrum during the three-year 
interval covered by our observations. Moreover, the light is sensi- 


TABLE IV 


APPROXIMATE LINE-WipTHS IN ANGSTROMS 


—27°11944 P Cyenr (Frost) 
LINE 
A E A E 
AZAOi VY ivin cone ie set S| eetarsiecay Aes 125 3.0 
PUL pid « UMaine erence reno cd Roe ec aae 4.3 1.6 2.2 
ASS2 LH Om cen ticeier ions Cer (ce ane (roe ar maencd Riti oct ton 
Bere Fee Ge sive cues vl Moers eases BLOW Nhvels crancaateval tasatsuaierenets 
ABO THEE st nero steno 4.8 6.8 2.0 4.3 
4023) He--heo os cwws 4.3 (Oyo time meremetioe lect o Kea: 
BOLT He--T 6: <5 « cistu sists 6.4 yen [Geom ese ier dom oy oc 


bly constant, for ‘if variability now exists it probably does not ex- 
ceed a tenth of a magnitude in range, as no variation is found on the 
Harvard photographs,’ fifty-one in number, extending from 1890 
to 1918. 


Mount WILSON OBSERVATORY 
March 1925 


* Harvard College Observatory Bulletin, No. 807. 


NOTE ADDED AUGUST, 1925 


An excellent plate of DM.-27°11944 was taken with the 10-inch camera 
on August 13, 1925, by Professor J. C. Duncan. It closely resembles the earlier 
spectrograms. The observed interval during which this remarkable spectrum 
has remained without marked change is thus extended to four years. 
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THE THEORY OF THE STELLAR ABSORPTION 
COEFFICIENT" 


By S. ROSSELAND 


ABSTRACT 

The stellar absorption coefficient—A reliable theory of the absorption coefficient of 
strongly ionized matter is a necessary complement to any theory of the internal con- 
stitution of stars. In the present paper such a theory is developed deliberately as a 
generalization from X-ray absorption experiments only, and partly checked by experi- 
ments of Anderson and Harrison. On the basis of this theory the expression of the flux 
of radiant energy in a star is calculated, and the result compared with Eddington’s 
theory of a star in radiative equilibrium. 

The theory of the opacity of an ionized gas has acquired much 
interest for astrophysics through Eddington’s work on ‘“The Internal 
Constitution of the Stars.’ In fact, a reliable knowledge of the ab- 
sorption coefficient of gases under all conditions would enable us to 
draw far-reaching conclusions about the distribution of elements 
throughout a star and about the localization of the sources of stellar 
energy, questions which are fundamental for stellar theory. 

The problem of determining the absorption coefficient of stellar 
matter can scarcely be solved by direct comparative experiments in 
the laboratory as, apart from the superficial layers of a star, stellar 
temperatures are likely to be much higher than those accessible to 
terrestrial experiments. The frequencies for which the absorption 
of radiation in the interior of a star mainly takes place, however, 
can scarcely be larger than those of soft X-rays, corresponding to 
L-radiation from elements of median atomic numbers. This fact 
directly suggests the application of X-ray data to the stellar problem, 
a question which has already been discussed by Eddington,” whose 
discussion, however, was concerned with the arithmetic mean value 
of the absorption coefficient, whereas theory requires something 
like the harmonic mean value, and when the absorption coefficient 
varies rapidly with the frequency of the incident radiation the results 
given by the latter procedure may differ widely from those given by 

t This paper is the continuation of a paper on “Transmission of Radiation” in 
Monthly Notices, R.A.S., 84, 52, 1924. 

2 Monthly Notices, R.A.S., 84, 104, 1924. 3 Ibid., 84, 525, 1924. 
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the former. For this reason we shall in the following reconsider the 
whole problem on the new basis. Actually, the final result does not 
differ much from that arrived at by Eddington; but this is not due 
to any triviality as regards the two modes of calculating the absorp- 
tion coefficient. Thus, the contribution to the stellar absorption 
coefficient considered by Eddington was due to absorption by atoms 
in the normal state, while the present theory assigns an essential rdle 
to atoms excited to higher quantum states. Moreover, an attempt is 
made to distinguish clearly between what may be taken over directly 
from laboratory observations and what is more or less hypothetical. 

In considering the problem of transmission of radiation in the 
interior of a star, the absorption in a line spectrum is clearly of little 
significance, as this process can only bar the passage of the radiation 
confined in very small frequency intervals of the spectrum. It is 
therefore sufficient for such purposes to consider the continuous ab- 
sorption setting in at the series limits, which is analogous to the 
continuous X-ray absorption. In the following we shall consider 
briefly the theory of absorption in general, and indicate a tentative 
generalization from results on X-ray absorption to absorption in 
other spectral regions. This theory will then be applied to the cal- 
culation of the stellar absorption coefficient, and the relation of the 
results to the theory of the radiative equilibrium of a star discussed. 

1. Formal theory of absorption.—We shall in the following be con- 
cerned with absorption in the restricted sense that the energy of the 
absorbed radiation is converted into kinetic and potential energy of 
an electron which is free after the absorption process. For the gen- 
eral theory it is convenient to consider the absorbing atoms to be 
parts of a system in thermodynamic equilibrium, and the beam of 
incident radiation to correspond to black-body radiation for the 
temperature in question. In this special case the radiation absorbed 
within any infinitely small frequency interval will be counterbal- 
anced by an equally large emission of radiation in the same interval. 
The absorption coefficient may thus be expressed in terms of a cer- 
tain emission coefficient which is more easily submitted to theoretical 
calculations and interpretation.’ As this latter, as well as the absorp- 
tion coefficient itself, is essentially dependent upon purely atomic 


"Cf. H. A. Kramers, Philosophical Magazine, 46, 836, 1923. 
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properties, the result is in itself independent of the assumption of a 
thermodynamic equilibrium, and susceptible of application to quite 
general cases. Consider, thus, an assembly of atoms and free elec- 
trons in a state of thermodynamic equilibrium at an absolute tem- 
perature 7, and let there be x, free electrons, 2; atoms with a vacant 
quantum state 7, and ' atoms with the 7-state filled up—all figures 
referring to unit volume. In considering collisions between electrons 
and atoms the motion of the latter will be neglected. The atoms 
with a complete i-state will absorb the radiation of a frequency v 
under expulsion of electrons with a velocity v according to the 
hy-relation, 

hv=3mv—E; , (1) 
where —£; is the energy which must be given to the electron in the 
z-state in order to transfer it to an infinite distance from the atom. 
If B,dy is the energy density of temperature radiation in the fre- 
quency interval y to y+dy, the energy absorbed by the atoms in the 
z-state in the given frequency interval per unit volume in unit time is 


n'ixicB,dv , (2) 


where xi is the absorption coefficient and ¢ the velocity of light. 
These absorption processes must be counterbalanced by an equal 
number of emission processes in which free electrons with velocity 
v collide with atoms with initially vacant 7-states and are bound in 
these states in the collision. Consider collisions in which the distance 
from the atomic nuclei to the direction of the initial velocity of the 
colliding electrons is confined in the interval p to +d), the number 
of which is 

nidn,v2T pd p (3) 
per second, where dz, is the number of free electrons per unit vol- 
ume in the velocity interval v tov-++dv. Denoting by P; the probabil- 
ity that an electron shall be bound in an z-state in the collision pro- 
cess, we find the total emission of radiation in the frequency interval 
in question by multiplying expressions (3) by /vP; and integrating 
over all possible values of ». The result thus obtained must be equal 
to the expression (2), or 


nixicB,dv=2nvhvnjdne| Pipdp « (4) 
° 
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The function P; must, according to the well-known theory of Ein- 
stein,' be independent of the energy density of radiation to the same 
degree of approximation that B, is reproduced by Wien’s expression 


Bye sala eit , 
and we may, therefore, without in the least committing ourselves to 
approximate results, assume the temperature to be so low that 
such conditions will obtain. Introducing the ordinary expression for 
nidn-/nidy from statistical theory 


Ni dN. Anhm? _bwv 
= oe Ve kT y (5) 
we find, finally, 
co 
;_ hme? 
qos Sar on { Pipip : (6) 


° 


where g; is the a priori probability of the atom with the 7-state filled, 
relative to the state with the z-electron missing. The quantity 


yi=an|Pipdp , (7) 


just as x, has the dimensions of an area, and may be called the effec- 
tive cross-section of the atom for capturing electrons of velocity v 
to the z-state. Conversely, when x} and yi are known, we may, by 
retracing the steps, obtain the value of n;dn,/n', and we are thus 
able to calculate the degree of ionization of the substance without 
going through all the steps of the ordinary statistical theory. This 
process, suitably generalized, may be susceptible of application to 
the problem of calculating the ionization of the material of gaseous 
nebulae where ordinary thermodynamic formulae very probably 
would break down. 

For the further elucidation of the function P; we may consider 
the problem from the point of view of the correspondence principle.” 


t Loc. cit. 


2 Cf, H. A. Kramers, /oc. cit., where the discussion is carried out at length. The dis- 
cussion here has a different purpose, as we wish only to obtain a method of generalizing 
experimental results. 
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Consider thus the general problem of a collision between an electron 
and an atomic system on the basis of ordinary electrodynamics. The 
total loss of energy of the electron during the collision will be given 
by an expression of the form 


ao 
eae i. EBONY aed; B=/e,  @) 

—o 
where F is the acceleration and v the velocity of the electron, while 
arc cos ) is the angle between these two vectors. Assume this energy 
to be resolved into a continuous spectrum such that L,dw is the 
energy falling in the frequency interval dw. For velocities of the 
electron which are small compared to the velocity of light, the mean 
value of the acceleration F at a distance 7 from the nucleus may be 


expected to have the form 


N ye? 
Fa (9) 


mr ? 


where Nye is the net electric charge contained within a sphere of 
radius r and having the nucleus for a center. As the emission very 
probably is principally stimulated during the passage close to the 
nucleus, we may expect that the expression of E, will contain (We?)? 
as an essential factor, where WV is the atomic number. Denoting the 
initial value of the angular momentum of the electron round the 
nucleus by J it is possible to write 
2 T e2\ 2 

er Gakor M=mop (10) 
where G, is a zero dimensional quantity which in general may be 
expected to be a continuous and smooth function of #, v, and w. 
There is no doubt that in an actual collision in nature the frequency 
distribution of energy in the emitted radiation will be essentially 
different from that predicted by a formula such as (10). In particu- 
lar, it is known with certainty that the spectrum actually emitted in 
a collision of the foregoing type cannot extend materially toward 
larger frequencies than the limit »=AE/h, which by the frequency 
relation corresponds to the total loss of energy AZ in the collision. 
Moreover, the spectrum of the radiation emitted by a large number 
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of electrons suffering collisions of identically the same type may be 
expected to consist of a typical line spectrum, one for each possible 
quantum state of the electron when bound in the atom, and a con- 
tinuous spectrum corresponding to the fact that some electrons will 
radiate without being bound. We must, therefore, if we expect 
classical electrodynamics to be applicable to the case at all, postu- 
late a general correspondence between the classical intensity of radia- 
tion in the interval dw and the intensity of radiation really emitted 
in the interval dy, such that each dw contributes an amount of 


energy 
yilv, w) Ey dw dv (rr) 


to the frequency interval dy in question. As the total amount of 
energy absorbed when an electron is shot out of the atom under 
absorption of radiation of frequency v is hy, we have by (4) the 
expression 


co 


- i; Vi(0, ) Ey dw (12) 


° 


which is by definition equal to the function which was previously 
denoted by P;. By combination of (6), (10), and (12) we obtain 


? N?2 
af = ae 3 f fre wW)Gy dw dp/p . (13) 


The function y;(v, w) can have appreciable values only when w is in 
the vicinity of v, otherwise the postulate of a correspondence between 
classical and quantum radiation would not have much sense. The 
integral 


Ine, w)dw (14) 


defines a frequency interval which must be roughly proportional to 
the energy difference between the i-state of the atom and an adjacent 
state, in order to comply with the requirements of the frequency rela- 
tion. This energy difference is in turn approximately proportional to 
the square of the effective nuclear charge and inversely proportional 
to the third power of the effective principal quantum number n of 
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the electronic group in question. Thus* 


ioe) 


9B; Ne 
{ Yi, w)Gudw o G, gx G, (15) 
or finally 
ne PINAE ; al dp 
gic a KQ?); KO) const. f 6 Pp? (16) 


° 


where ¢ is the number of electrons in the group in question. 

One might for a moment be inclined to the belief that it would be 
possible to proceed in the reverse direction and from measurements 
of the absorption coefficient learn something about the motion of 
electrons in collision with atoms. The information which can be 
obtained in this way is, however, not very definite as it is only 
involved through the function G,, which, unfortunately, remains un- 
determined to a rather wide extent. In fact, the integral equation 
for G, given by theory 


| G, P =CK() (17) 


° 


where C is some constant, has the solution 


Ce CK(v) V(pU) 


{v (x)dx/x a 


where Y (x) is an arbitrary function of one argument only, and U an 
arbitrary function of the frequency v. This result contains, in fact, 
practically all that continuous absorption experiments can teach us 
about the motion of electrons in collision with atoms. 

2. Generalization of the X-ray absorption coefficients —According 
to experimental results,? the absorption coefficient for monochro- 
matic X-rays absorbed in a definite electronic level z of the atom is of 
the form 

sg=y—3N4A; , (19) 

t This is the hypothesis which was adopted by Kramers, Joc. cit. 

2 Cf. F. K. Richtmeyer and F. W. Warburton, Physical Review, 22, 539, 1923. 
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where A; is constant as long as the frequency in question is larger 
than /i-*E;, E; being the energy necessary to remove an electron 
from the level in question, and zero for smaller frequencies. The 
validity of this formula, especially for absorption of hard radiation in 
the K-level, has been tested for a large number of elements ranging 
from N =6 (carbon) to VN =82 (lead). Comparing (19) with (16) we 
see immediately that this result demands that the function K(v) be 
independent of v for absorption in the levels in question. Experi- 
ments show further that the constant A; decreases rapidly when 
passing from the K to the Z-level, and so on. This fact is naturally 
attributed to the changes in the factor r/n3o;, which are of the right 
order of magnitude. It would therefore seem that the function K 
is an absolute constant for all levels in question. 

The experiments at hand are only concerned with the case of 
electronic groups which are located so close to the nucleus that the 
effective atomic number of the group is practically equal to the 
atomic number of the atom. When we proceed to consider absorp- 
tion in electronic groups which are located so far from the nucleus 
that the screening effect of the intervening electrons on the motion 
of the electrons in the group becomes appreciable, we have no reason 
for expecting formula (19) to be applicable. In default of experi- 
mental evidence it may be of interest to.consider the alteration in 
this formula which would be suggested by the formal theory given 
above. According to theory, the factor 4 is a product of two factors, 
each of which proceeds from quite different sources. Thus one factor 
N? was introduced by the fact that a free electron colliding with an 
atom emits the more radiation the larger the nuclear charge of the 
atom. That this process alone will introduce a factor N? is inde- 
pendently evidenced by the fact that the total emission of gen- 
eral x-radiation from a target bombarded with electrons of given 
velocity is proved by experiments to be proportional to the square of 
the atomic number of the substance constituting the target. There- 
fore, on considering absorption of radiation in outer atomic groups, 
the foregoing factor N* would be expected to be carried over with 
little alteration, or at most with the introduction of a small screen- 
ing constant a;, thus giving (N—a;)? for N? in the formula. The 
second factor has been shown to measure the energy difference be- 
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tween successive quantum states. From X-ray spectroscopy this 
factor is known to vary considerably from level to level, and this 
variation we shall account for by a second screening constant, fj. 
The final form of formula (16) is thus 


Aer 


ni 


a, =v~3(N —ai)*(N — Bi) (20) 
Measuring all quantities relative to the corresponding quantities in 
the K-level, we find the numerical values of K, according to the 
results of Richtmeyer, to be 


K=2.2* 1077 C.2.5. ; 


where c is the velocity of light. The foregoing formula refers to a 
definite level. In general, a number of levels will come into play, 
and, in order to obtain the mean absorption coefficient averaged over 
all atoms present in the system, each expression such as (20) must 
be multiplied by the relative probability + that the atom shall be 
found in this particular level, and the sum taken over all levels which 
can come into consideration. 

It is of particular interest to consider the case in which the 
distribution of atoms over the various quantum states corresponds 
to a state of temperature equilibrium. The numbers 7 are then given 
by the expression 


E; 
1 a Es 
Satie i f(T) =Zosener , (21) 
and the mean absorption coefficient, consequently, by 
ye ES ly N—ay)?(N—Bz)? , (22) 
k neo, 


where due care must be exercised to include only those states which 
by the frequency relation can come into play in the absorption 
process. It is here assumed that the quantum states of the atom in 
question are sharply defined, otherwise the foregoing series of dis- 
crete terms would have to be replaced by an integral over the infinite 
number of possible states, and conditions would approach those con- 
templated in the classical statistical theory. The foregoing theory is 
also susceptible of application to this case, in particular, when the 
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broadening of the states is so advanced that the distribution of 
atomic states in the phase space may be considered to be continu- 
ous. For this limiting case we may effect the summation involved in 
expression (22) by directly referring to equation (4) from which we 
started. In fact, integrating both sides of this expression over all 
possible kinds of atoms (left side) and all possible velocities of the 
electrons (right-hand side), we find that the resulting expression may 
be written in the form 


n°x,cB, = 21 hv Dnalvdnel Pipd p : (23) 


where 7° is the total number of atoms per unit volume, x, the mean 
value of the atomic absorption coefficient, and m, the number of 
atoms in a particular state of ionization, the summation being ex- 
tended to all kinds of atoms. Denote the energy emitted when a 
free electron with zero velocity falls to the lowest possible quantum 
state of the atom by /y,, and by vj, the largest frequency of the 
classical spectrum which corresponds to vs. The integration as re- 
gards v in the foregoing expression is then to be extended from the 
lower limit v. given by 

mv, =h(v—vi) (24) 
to infinity, provided »y>v/, and from v=o for the case that vy Zv%. 
Introducing the proper expressions for P; and dn,/dv, and remember- 
ing that ‘ 

Go=|G,dp/p (25) 


is independent of v, we obtain finally by integration, the expression 
fort. 


6 i , 
; e ZI aN ms Na _1(¢—va) 
xy =F cA o( 5) NeB ae pry aa) h Rj data ( M (26) 


It is to be understood that an exponential factor is to be taken 
equal to unity in the foregoing formula in case y<v/. The constant 
Go in the foregoing expression may be determined from X-ray data 
with some accuracy. In fact, the detailed expression for K suggested 
by theory is, from (15) and (16), seen to be 


_(2m)3em 


eer G, (27) 
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Here the a priori probability is measured in units of / while £;, by 
atomic theory, is assumed to be given by 


anr7e4mN? 


= 
lPnz 


(28) 


From the experimental value of K and from (27) it follows that 


Go= 34-7 « (29) 
There can be little doubt that for large values of the quantum num- 
bers the law suggested by (15) must be rather accurate, but for the 
case of the K-level, when the principal quantum number is unity, 
this hypothesis may be subject to some uncertainty, but probably 
not by more than a factor 2**. By observations of X-ray absorption 
in higher levels this uncertainty regarding the value of Go might be 
much reduced. 

As it stands, formula (26) gives the aggregate absorption coeffi- 
cient as it is caused by atoms, or possibly free electrons, which are in 
collision with the atoms. Putting all »; equal to zero gives the ab- 
sorption by free electrons alone: 

6 m\ik 

a= “(2t) "GB? nee-F z = (N—ag)? . (30) 
This formula corresponds in a certain sense to that derived in the 
classical electron theory for the absorptive power of metals, but with 
the difference that it is not restricted to long wave-lengths, as was 
generally the case in the classical theory.* As one might have antici- 
pated on general grounds, formula (30) predicts a strong increase 
in the absorptive power with increasing wave-lengths of the incident 
radiation, while for short wave-lengths it drops very rapidly to an 
insignificant value. To the absorptive power of the electrons due 
to collision with atoms,’ must be added the scattering power of the 


t In fact, formula (30) is not applicable to absorption of radiation of very long wave- 
length, which is directly evidenced by the fact that when »—>o it would predict an in- 
finitely large absorption, while a revised theory would lead to an asymptotical equality 
of a» to 470, where a is the electric conductivity of the substance, which must have a 
finite value. 


2 The effect of collisions between the electrons themselves will be in the sense of 
diminished absorption, as the electrical moment of two colliding electrons is practically 
zero, due to equality of masses and charges. The diverging result obtained by Edding- 
ton (Monthly Notices, R.S.A., 84, 104, 1294) arises from the fact that he neglects the 
systematic relation between the accelerations of two electrons in collision. 
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electrons themselves when they remain perfectly free. This scatter- 
ing coefficient is given by the well-known formula of J. J. Thomson 


a od (31) 


3 \me? 


per electron for all wave-lengths longer than those of hard X-rays. 

The foregoing generalization of the results from X-ray experi- 
ments is purely tentative and intended to serve only as a guide for 
applications to stellar theory. For this purpose it is very important 
to have the formulae checked in some way, in order to gain an idea 
of the directions in which deviations from theory are likely to take 
place. Unfortunately, the experimental evidence on this point is 
very scanty, as the only check at hand is afforded by a few absorp- 
tion measurements in the optical region where we should hardly 
expect an extrapolation from X-ray experiments to afford any 
approximation at all. 

Harrison! appears to be the first to have made quantitative meas- 
urements on the continuous absorption setting in at the series limit 
of the principal series of gases and vapors. He measured the absorp- 
tion coefficient in the region of continuous absorption beyond the 
series limit of the principal series of sodium, but states that the 
measurements are rather uncertain, although they undoubtedly 
serve as a first orientation in the field. The necessary data kindly 
put at my disposal by Dr. Harrison himself show that the absorption 
coefiicient per atom for a definite small frequency interval just be- 
yond the series limit (A = 2414 A) is of the order of 10-”, and that the 
absorbing power decreases rapidly when proceeding to shorter wave- 
lengths. The latter circumstance is in fair-enough agreement with 
expectations, but the absolute value of the coefficient appears to be 
much smaller than can be accounted for on the basis of (22) or 
(19), however we twist them. In fact, even by putting (V—a,)X 
(N —8) =1, which certainly is the smallest value that can possibly 
come into consideration, and by taking 7=1.5 as claimed by spec- 
troscopy, we obtain x= 7.10~*’, which is several hundred times larger 
than the experimental value. 


t Physical Review, 24, 466, 1924. 
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Anderson’ has investigated the opacity of electrically exploded 
wires. During the explosion the wires evaporate and the vapors are 
raised to a temperature of about 20,000°K., as a consequence of 
which we no longer deal with atoms in the neutral state only, as is 
the case in Harrison’s experiments, but with atoms distributed over 
a variety of quantum states and partly ionized. Consequently, we 
should expect on theory that the absorption spectrum of the vapors 
would be a superposition of a variety of series-limit absorption 
spectra, which would be strongest in the short wave-length region 
where we are concerned with absorption by atoms in the lowest pos- 
sible quantum state, and, because of absorption by atoms excited to 
higher states, would extend with diminishing intensity right up to the 
optical region. This, in fact, appears to be in general accordance with 
Anderson’s results. Stewart? suggested that the strong absorption 
observed in these experiments might be due to the action of free 
electrons. This theory, however, does not seem calculated to account 
for the observed facts. On any theory (as, for instance, Stewart’s 
own, or that given above) the effect of free electrons must be con- 
fined to long wave-lengths where the time spent by an electron on a 
free path is small compared to the period of a light-vibration, and 
for short wave-lengths it must degenerate into an ordinary Thomson 
scattering, which is much too small to account for the absorption in 
question. It would, however, be interesting to have these experi- 
ments extended to the long wave-length region where the absorption 
by free electrons necessarily must make itself felt. An experimental 
confirmation of this expectation would be all the more interesting 
as it would afford a case where the classical electron theory is ap- 
plicable in principle. 

Anderson’s experiments appear thus to be in qualitative agree- 
ment with the theoretical considerations given above. Moreover, 
they appear also quantitatively to conform much closer to theory 
than was the case for Harrison’s experiments. Dr. Anderson has 
kindly informed me that the absorption coefficient per atom of ex- 
ploding iron vapor (temperature and pressure estimated as 20,000°K. 
and 4 atm., respectively) appears to be of the order of 2-10~—” for 

1 Cf. Proceedings of the National Academy of Sciences, 8, 231, 1922. 

2 Nature, 111, 186, 1923. 
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the spectral region \ 4000 A. This absorption must be due to atoms 
excited in higher quantum states, as the absorption by atoms in the 
normal state, whether neutral or ionized, must be confined to the 
ultra-violet region. The case is therefore one which suggests the ap- 
plication of formula (26), which just corresponds to the overlapping 
absorption by excited atoms. There is apparently only one stage of 
ionization in play in the experiments, and we may therefore write 
(26) in the form 


Ne 
X4000 = — 
ee) ae 


where we have introduced experimental data given above. The ratio 
n-/n° is of the order 1/2. The atomic number of iron is 26, and it is 
seen that it is necessary to introduce rather large screening con- 
stants in order to make the result coincide with experiment; but there 
is no indication of huge discrepancies, as in the case of Harrison’s 
experiments. The clearing up of this puzzle seems rather to be the 
task of experimenters. Provisionally we must be content with the 
meager result that the extrapolation of the result afforded by X-ray 
experiments on optical absorption appears to indicate too strong an 
absorption; but even this result may be of some help for stellar 
theory, as will be apparent from the following discussion. 

3. The stellar absorption coefficient.—It is easily proved’ that in 
the interior of a star the net flux of radiation in the frequency inter- 
val yv to v+dy, through unit area, in an outward radial direction is to 
a high degree of approximation given by the expression 


é PA; 
3%yp or Vv, (33) 


n° ie 


Ng (W—ay-+(1-") (=a) 107” , (32) 


F,dv=— 


where A,dy is the energy density of radiation in the frequency in- 
terval dv, p the density, and x, the mass absorption coefficient of the 
substance in question. This result rests on the assumption that the 
medium is at rest—thus excluding convection—the state stationary 
in time, and that the flux of radiation is very nearly the same for all 
directions. The net total flux of radiation in an outward direction is 


ao 
F=JjF,d, (34) 
° 
* Cf. Monthly Notices, R.A.S., 84, 525, 1924. 
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or, introducing the auxiliary variable x defined by 


[oe) 
194 (9A, dy 
x Or J Or x,’ (35 
we obtain 
c OA 
ee soe op? (36) 


where A is the total energy density of radiation. For the case of the 
interior of a star the deviations from thermodynamic equilibrium 
must be exceedingly small, and we may replace A, by Planck’s 
formula. 

The auxiliary quantity «x is the stellar absorption coefficient en- 
tering Eddington’s theory of radiative equilibrium of a star, and it 
will be the characteristic function of the medium as regards its power 
of transmitting radiation en bloc. From (35) it is seen that x may be 
regarded as a kind of harmonic mean value of the absorption coeffi- 
cient x,, and because of this fact pronounced selective absorption will 
be of practically no importance for the total transmission of radia- 
tion. 

It is not difficult to derive the general expression for x on the 
basis of the theory of the absorption coefficient as tentatively given 
above. The result, however, is very complicated, and, as there is no 
hope of any refined test, we shall limit the consideration to the 
derivation of an upper limit to x, which will also bring out its general 
dependence upon temperature and density of the medium. For this 
purpose we assume the quantum states to be so strongly broadened 
that the absorption coefficient may be considered as a continuous 
function of the frequency. This will certainly be the case as soon as 
we consider the long wave-length region of the spectrum (relative to 
the wave-length of maximum energy) where the absorption is smal- 
lest and the absorption limits in all cases would follow one another so 
closely as to form an almost continuous sequence. Under these cir- 
cumstances the absorption coefficient is given by (26). For the trans- 
mission of radiation ev bloc it does not matter much what expression 
we use for the absorption coefficient in the very long and very short 
wave-length region, since the absorption there is in any case so large 
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as to cut out the essential contributions to the integral in (35). We 
may thus drop the exponential factors in expression (26) altogether, 
proceeding formally as in a purely classical theory of absorption. 
Proceeding in the manner suggested above, we obtain for the stellar 
absorption coefficient per atom, if we neglect the small scattering 
of free electrons not in collision, 


6 pa arg Ieat ee 


To UV mpi in Maretes S(n—1)(2)" 


Here », is given by the approximate formula, 


=n): yeas 


where H is the mass of a hydrogen atom, and Z, and A, are the num- 
bers of positive charges and the atomic weight of any of the atoms 
present, the ratio being assumed to be the same for all atoms. The 
final expression of x referred to absorption per unit mass is 


p 4a _—~dDeHG, 
a. | Sa nN 
hia & -W/ mspl Le 
cV mk > no 48 G 


x= 


Na . 
oy — aa) s (39) 


This expression shows the same dependence upon temperature, 
density, and atomic number as the different expressions derived by 
Eddington, and numerically there will not be much difference 
either. 

It is a little difficult to know exactly to what level in the stellar 
interior the calculation of the stellar absorption coefficient refers in 
Eddington’s theory of radiative equilibrium, as the value entering 
into the mass-luminosity relation is some kind of average to be taken 
over a region where the mean molecular weight of stellar matter can 
be assumed to be constant. Since, however, the temperature does 
not vary much within a star on the theory in question, which, more- 
over, entails the constancy of p/T%, the absorption coefficient will 
vary very slowly for the part of the star where the mean molecular 
weight can be considered as constant to any degree of approxima- 
tion. It would therefore seem justifiable to refer the calculations to 
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the center of the star, where the theory for the case of Capellat would 
give the following values: 

T=9.56° 10°°K.;  p=0.1474 gom=3, 


the mean molecular weight being assumed to be equal to 2.2. In- 
troducing these values in (39), we obtain 


The maximum possible value of this expression would be obtained if 
the star consisted of uranium only,? for which case the variable factor 
above is certainly less than 15; but for smaller atomic numbers it 
would be correspondingly less. The maximum possible theoretical 
value of x is thus 37, while the value estimated by Eddington from 
the mass-luminosity relation was «= 43. These quantities are of the 
same order of magnitude. Taking as a sample of stellar matter an 
element of median atomic number, say iron (V=26), the theo- 
retical value of the absorption coefficient would come out as about 
10.3 On the whole, it seems that the theory can conform with the 
requirements of Eddington’s mass-luminosity relation only by as- 
suming the core of a star to consist of elements of very large atomic 
numbers to a degree which surpasses what might be expected from 
the distribution of elements in the earth’s crust or in meteors. 

It seems to the writer that the essential weakness of the theory 
given above rests with the determination of the constant Go, which 
perhaps may be 50 per cent off. Apart from that, effort has been 
made everywhere to obtain the maximum value of the stellar ab- 
sorption coefficient, and when the result, in spite of precautions, 

t Monthly Notices, R.A.S., 84, 104, 1924. 

2 Atomic theory seems to afford strong arguments against the possible stability of 


atoms essentially heavier than the uranium atom, as was pointed out by the writer in 
a letter to Nature, 111, 357, 1923. Cf., also, N. Bohr. Annalen der Physik, 71, 266, 
1923. 

3 On comparing this figure with that given by Eddington’s discussion of this prob- 
lem it must be remembered that we use a partly empirical value of G,, while Eddington 
works throughout with Kramers’ theory. This latter, however, gives a value of G, 
which is about one-half that used in the text. 
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comes out decidedly lower than that given by theory of radiative 
equilibrium it seems difficult to blame the former theory. It may 
therefore be of interest briefly to consider different possibilities of 
reconciliation between the two differing results, although a final de- 
cision will not be attempted. 

One might for a moment think that the fact was to be explained 
by assuming the core of a star really to consist of very heavy ele- 
ments, sorted out and concentrated at the center by the star’s gravi- 
tational field. The fact that rather heavy elements are observed at 
the stellar surface might seem to argue in favor of this view. The 
arguments, however, are not conclusive, for in the interior of a star 
the statistical distribution of electric charges must be. such as by ne- 
cessity to set up an electric field which will repel positive charges, and 
by the fact that positive charges on an atom under those conditions 
must be nearly proportional to the atomic mass, the electric repul- 
sion will be such as largely to counteract the increased attraction on 
heavy atoms.’ Hydrogen forms an exception and under certain con- 
ditions will even possess a tendency to be repelled from the stellar 
core.? An estimate would seem to suggest that this inner core of 
partial mixture would extend say halfway out from the star’s cen- 
ter. From the boundary of this core and to the stellar surface condi- 
tions are prevalent for which at present we have no detailed theory. 
If this outer region of a star could be shown to be in stable equilib- 
rium as regards vertical displacements, there might be reason for 
expecting an appreciable concentration of heavy elements toward 
the core of the star. If, on the other hand, this layer is in convective 
equilibrium, there would be less reason for believing in such a 
conclusion. 

Curiously enough, reconciliation would also be brought about by 
assuming the stars to contain an excessive amount of the lightest of 
all elements, hydrogen, as pointed out by Eddington.* This result is 
due to the fact that the mean molecular weight of ionized hydrogen 
is only one-half, and the absorption coefficient calculated from the 
mass luminosity relation would for this case be enormously dimin- 

t Cf. Monthly Notices, R.A.S., 84, 720, 1924. 

2 A closer discussion of this question will be given on a later occasion. 

3 Monthly Notices, R.A.S., 84, 108, 1924. 
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ished. There are several facts indicating that hydrogen really is pres- 
ent to an abnormal amount in stellar atmospheres,’ but whether it is 
permissible to allow a sufficient amount of hydrogen to be imprisoned 
in the core of the star to bring about agreement with theory must 
provisionally remain an open question, which the calculations as re- 
gards the electrical state of the star would tend to answer in the 
negative.” 

We must finally face the possibility that the assumptions on 
which the theory of radiative equilibrium, in the special form pre- 
ferred by Eddington, are based, may require revision. The empiri- 
cal evidence in favor of this theory is mainly afforded by data on the 
masses and luminosities of the stars, which so far agree remarkably 
well with the mass-luminosity relation, which is the principal out- 
come of the theory. Analytically, however, this result cannot be 
taken as unambiguous confirmation of the special assumptions on 
which the distribution and density in the interior of the star are 
based, as there are an infinite number of different possible ways of 
distributing sources of energy within a star so as to bring about the 
same relation between luminosity and total mass, while the distribu- 
tion of density and temperature is different for each case. The free- 
dom of choice may, however, be somewhat restricted by require- 
ments of stability, although such considerations will scarcely be suf- 
ficient for a unique solution. A reliable theory of the absorption 
coefficient, on the other hand, will afford a new restriction which 
may be sufficient to give important information about the localiza- 
tion of the sources of stellar energy. This question, however, will 
not be discussed in this paper. 


Mount WItson OBSERVATORY 
February 1925 


«Cf. Compton and Russell, Nature, 114, 86, 1924. The suggestion advanced by 
these authors that the result might be a spurious effect due to metastable properties of 
the 2,-state of the hydrogen atom seems to be negatived by (unpublished) calculations 
of the writer, showing that the maximum concentration generally to be expected will 
correspond to temperature equilibrium at the effective temperature of the star. 


2 Eddington has recently (Observatory, March, 1925, p. 73) shown that rotation 
of a star must set up convective currents which may be effective in intermixing differ- 
ent elements—at least within the surface region. (Added in proof). 


3 Monthly Notices, R.A.S., 84, 311 (plate), 1924. 
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NOTE ON THE DISTRIBUTION AND NUMBER 
OF NEBULAE 


By FREDERICK H. SEARES 


ABSTRACT 

Distribution of nebulae-—A discussion of Fath’s counts of nebulae on photographs 
of Selected Areas 1 to 139 (limiting magnitude of stars on the optical axis= 18.6, inter- 
national photographic scale) shows that non-galactic nebulae make their appearance 
in both hemispheres at about 20° galactic latitude. They increase rapidly in frequency 
to 30°, and thereafter more slowly to 70°. The concentration in the region N 70° 
N 90° is pronounced; the corresponding region S 70°-S go° is not covered by the counts. 
For galactic latitudes o°-70° the average surface density in the southern hemisphere 
(longitudes 180°-360° unobserved) is three-fourths that in the northern. The distribu- 
tion in longitude is complicated, but a band of high frequency apparently crosses the 
northern hemisphere in longitudes 50°-220°. 

Total number of nebulae-—A grouping of the counts in 39 fields for regions 10’ X 10’ 
according to distance from the center of the plate shows that at 35’ distance the loss 
arising from aberrations in the optical system is one-half. To reduce Fath’s counts to 
limiting photographic magnitude 18.6 for stars at the center they must be multiplied 
by 1.94. The revised total number of nebulae to this limit is 210,000 for N 70°-S 70°, 
and about 300,000 for the whole sky. 

In collecting data on the distribution of stars and nebulae I have 
recently had occasion to examine Fath’s list of nebulae™ compiled 
from photographs of the 139 Selected Areas between declinations 
+g90° and —15°. These photographs, forming part of the observa- 
tional material for the Mount Wilson Catalogue of Magnitudes, are 
on Lumiére Sigma plates, exposed one hour, the limiting magnitude 
ranging from about 18 to 1g on the international photographic scale. 
The low limit of brightness and the representative character of the 
Selected Areas as sample regions of the sky are features of special 
importance for any discussion of nebular distribution. A disadvan- 
tage, on the other hand, lies in the fact that three-eighths of the sky 
are wholly unobserved. For the northern galactic hemisphere the 
defect is not serious, but in the southern hemisphere the highest lati- 
tude observed is 76°, and, practically speaking, no plates are avail- 
able for any latitude between longitudes 180° and 360°. Further, 
the Selected Areas are rather too widely spaced for a satisfactory 


determination of the effect of local irregularities in distribution; 
t Astronomical Journal, 28, 75, 1914. 
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but, in spite of these limitations, the data merit special attention 
because of their freedom from any selection favoring regions in which 
nebulae were known to exist. Sanford? has already discussed Fath’s 
counts in detail from several points of view, but for the present pur- 
pose a somewhat different grouping of the material is desirable. 

The numbers of nebulae counted by Fath in the 139 Selected 
Areas were obtained from the diagram accompanying his paper.’ 
When replotted according to galactic co-ordinates’ the distribution 
is that shown in Figure tr. 

To illustrate the effect of local irregularities upon the mean dis- 
tribution, the numbers were arranged in order of galactic latitude and 
divided into two series with alternate regions in each. The sums and 
mean latitudes for groups of five successive areas in each series are 
given in the first four columns of Table I and are shown graphically 
in Figure 2. The curves, which represent two determinations of the 
distribution from entirely different material, are similar, but the in- 
fluence of local irregularities is obviously considerable, and a final 
discussion will require counts in several hundred fields. The south 
galactic hemisphere, and the region N 70°—N go” in which the fluctua- 
tions in numbers are large (see Fig. 1), demand special attention. 

Treated as a single series, the 139 regions in groups of five give 
the results in the fifth and sixth and eighth and ninth columns of 
Table I. These are illustrated in Figure 3, in which the curves for 
northern and southern galactic latitudes are shown side by side. 
The seventh and the last columns of the table give the average limit- 
ing photographic magnitudes to which star-counts in fields 23’ in 
diameter on the same series of photographs are complete.* Since the 
variation in the limit, which ranges from 17.8 to 18.6, is not closely 
correlated with the irregularities of the curves in Figure 3, the mean 
distribution cannot be seriously influenced by the lack of constancy 
in the limit. 

t Lick Observatory Bulletins, 9, 80, 1917. 

2 Loc. cit. The total thus found is 1032 and is that used here, although Fath’s 
tables give a total of 1031. The difference is unimportant and is mentioned only in 
explanation of its origin. 

3 Taken from Harvard Annals, 101, Table II, 1918; 102, Table I, 1923. 

4 Unpublished data from the Mount Wilson Catalogue of Selected Areas. 
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Owing to the comparative rarity of diffuse nebulae and planet- 
aries, Fath’s list is practically one of non-galactic nebulae, with the 
TABLE I 


DISTRIBUTION OF NEBULAE IN GaLacTic LATITUDE 
(Observed numbers for areas of 9.4 sq. deg.) 


Series I Series IT ADOPTED GROUPING 
Lat. No. Lat. No. Lat. No. Mag. Lat. No. Mag. 
+75°...1 149 | +72° 146 | +78° 232 18.3 | +12° ° 18.4 
Sones 69 59 60 69 63 750M) 2 18.2 
BOueae 53 49 42 62 54 18.3 ° On| eLone 
PON eet 60 41 45 58 75 17.9 ° ° 18.2 
BAT crs 99 33 2 52 48 £7 On| —-2.0 ° 18.3 
20 eas 26 26 4 48 47 17.8 T2) « 4 18.4 
Lice 8 16 3 43 33 17.8 14 I T7o 
+ 90.... I +8 I 40 72 18.4 20 I 18.3 
ebedns ° ° oO" 36 69 18.3 25 25 18.0 
5 Qurt I —9 3 en 55 17.8 31 59 18.6 
Lowes: I 18 I 28 18 18.1 38 20 18.3 
PWS aca 24 20 60 24 12 18.0 45 32 18.2 
AOw ae | 20 43 24 19 7 17.9 54 31 17.9 
—60.... 66 —63 33 +14 4 17.9 | —69 68 18.4 


* Four areas. All other groups include five each. 


150 


5 1Go> 40° 20 ° 20° 40° 60° 80° N 


Fic. 2.—Distribution of nebulae in galactic latitude. Curves I and IT represent re- 
sults derived from alternate regions in the sequence of 139 Selected Areas arranged ac- 


cording to galactic latitude. They illustrate the influence of irregularities in distribu- 
tion. 


small elliptical nebulae greatly predominating over the spirals. 
Figure 3 shows that the non-galactic nebulae appear at about lati- 
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tude 20° and rapidly increase in frequency to 30°. From 30° to 70° 
the increase is slow, but the concentration near the north galactic 
pole at least is pronounced. The systematic difference between the 
northern and southern hemispheres seems to be real.* 

To gain some notion of the distribution in galactic longitude, the 
fifty-four regions between 20° and 68° north latitude were divided 
into four zones: 20°—29°, 30°—39°, 40°—49°, 50°-68°. Plots of numbers 


200 
150 


100 


°° 20° 40° 60° 80° 


Frc. 3.—Distribution according to galactic latitude of nebulae in Selected Areas 
z to 139. Full line, northern hemisphere; dotted, southern hemisphere. Ordinates are 
numbers counted in areas of 9.4 sq. deg. 


of nebulae against longitude for these zones are shown in Figure 4. 
The series of maxima marked A and B suggest something more than 
local irregularities of distribution; but since Figure 1 indicates a 
minimum for the second curve at about 180°, the maxima C are per- 
haps of more significance than B. The distribution of rich fields as 
shown in Figure 1 seems to justify the assumption, for the most 
striking feature appears to be a band of high frequency crossing the 
northern hemisphere near the pole, in longitudes 50°—220°. The mini- 
mum starting in low latitudes at longitude go° is clearly marked and 
penetrates almost to the pole itself. Figure 1 bears no close relation 


t Tn this connection see Reynolds’ diagrams, Monthly Notices, R.A.S., 81, 129, 1920; 
83, 147, 1923; 84, 76, 1923. 
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to the diagrams of Reynolds, but it must be remembered that the 
great majority of the nebulae in Fath’s list are much smaller than 
those discussed by Reynolds, nearly all of them having diameters 
under 30”. Apparently we have here a further illustration of what 
is shown by Reynolds’ data, namely, that the distribution in longi- 
tude varies with the size of the nebulae. 


ical r 
% 
wo 
| 
° 
° / / Ff 
= Al er ae a 
| / y | 
° / 
+ 1B \ 

/ | 

° | 
3 | / he 
| | / | 
°0 
ine] 


Fic. 4.—Distribution of nebulae in north galactic hemisphere according to galactic 
longitude (abscissae). Four curves for the latitude intervals noted in the margin. A, 
B, C are more-or-less hypothetical lines of maximum frequency. A and C correspond to 
the maximum in longitudes 50°-220° shown in Fig. 1. 


There remains still the question of the total number of nebulae in 
the sky, concerning which there has been much difference of opinion. 
Fath’s estimate of 162,0007 differs widely from Perrine’s earlier 
result of 500,000,3 and still more widely from Curtis’ 722,000.4 
Perrine,’ allowing for a selection of fields favoring rich regions, sub- 
sequently reduced his estimate to 400,000; but Curtis’ estimate, 


t Loc. cit. 2 Loc. cit. 
3 Lick Observatory Bulletins, 3, 47, 1904. 
4 Publications Lick Observatory, 13, 15, 1918. 


5 Astronomical Journal, 29, 79, 1916. 
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which like that of Perrine is based on photographs taken with the 
Crossley reflector, still stands. The limiting magnitude of the 
Crossley photographs is undetermined, but it has usually been as- 
sumed that it is nearly the same as that of the Mount Wilson plates. 
In fact, the circumstances of plates, telescopes, and exposure times, 
supplemented by direct comparisons, seem to warrant the assump- 
tion of direct comparability. To account for the discrepancy, Fath 
suggested that the regions photographed with the Crossley reflector 
are not representative. Perrine and Curtis, on the other hand, have 
insisted that Fath’s total is too small because of losses arising 
from aberrations in the relatively large field used by him (about 
72'X95'). 

The limiting magnitude of the Mount Wilson photographs is 
now known. The mean for star-counts which are complete, from the 
data in Table I, is 18.1, photographic scale, while the mean for the 
faintest stars recorded, that is, the actual limiting magnitude at 
the center of the plate, is about 18.6. The question of aberration 
losses can be settled from the data themselves, and since, as far as 
they go, there can be no question as to the representative character 
of the Selected Areas, an estimate of the total number of nebulae to 
a specified limit of brightness, correct within a moderate percentage, 
should now be possible. 

The first step in arriving at such an estimate is the determina- 
tion of a factor for the correction of Fath’s numbers for aber- 
ration losses, which do seriously affect his total. This factor has 
been based on counts in unit areas 10’ X10’ in each of the regions 
showing a total of ten or more nebulae (thirty-nine Selected Areas 
in all). The counts, which were made by Miss Joyner from Fath’s 
list, were in all cases between 10’ values of the declination. As a 
matter of convenience it was assumed that the optical axis was ° 
always located either on the edge or at the middle of a 10’ zone, the 
choice in any given case being determined by the declination of the 
central star of the area, on which the plate was centered. This choice 
also fixed automatically the limits in right ascension, which were so 
placed that the adopted center coincided either with the corner or 
with the center of a 10’ X10’ area. In the former case the total area 
counted was 60’ X60’; for the latter it was 70’ X70’. This selection 
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of unit areas simplified the counting, and since the average dis- 
placement of the adopted center from the true optical center is 
less than 2’, the precision is ample. 

The results were divided into six groups (fields 60’ X60’, groups 
I-III; 70’X7o’, groups IV-VI), each group including several 
Selected Areas and a total of about one hundred counted nebulae. 
The counts within each group were summed for corresponding 10’ X 
ro’ areas, thus giving a frequency diagram showing the variation in 

TABLE II 


CoRRECTION Factor FOR Fatu’s Counts oF NEBULAE 


60’ X60’, STANDARD TOTAL=100 70'X70', STANDARD TOTAL=123 
Dist. eee a Te See i OSE ER a ee a Dist. 
I Il IiI | Mean] Wt. IV Vv VI |Mean| Wt. 
Meee ee) | Pitaeilectccnl| eeu i Cone. Meese |) aenee || ate? we llineeetes 
TOS ea cuecen Pee aehal\ oaike:| ease 8 TO ncaa Ant | 22 gel4ata) sis 4 
CRATES oh SPA 220° | SON leAs Selle Omi led: Ley onaione ieee | ee aereul iecaeted lease | cet 
Geary Siege PPO Agee | oa 8 2ORnas » ZF OS 65 | Geol eaee 4 
ZO adn eakalehs rey Me Yee WN Be Ae est b ae 8 22 res Baldy | tar | eats: 8 
Cita. Dee Cie Wiser dP ery: bal feta: 4 28ers Psy alfa a Me cckeke |p tks 4 
Bowen ts Saree san iol | AY oft 
SOT wrt (tees (hers gam |e cok || eat: 8 
30min es peed lh riot) exey || tei 
AD revise Ey a OnOe|NOnOn iene 4 
No: S:Asa: «: in 7 II eed Ponto d irs nasi ae e 6 8 LO" |aaeee 
INGOmBath s. et5O0l tA 3" 1 TAO Ades se cree|linaert eine 1700) 24 TOON ACO: | acne 
ING: counted)| ToS: TO5. | -TG68) 2370) |eeiny itera S| D52))| 107 O2 382) |eereee 
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the number of nebulae with increasing distance from the adopted 
center. 

The average densities (numbers of nebulae per 10’ X10’ area) 
found from these diagrams for each group, reduced to standard 
totals for the whole area counted to make them directly comparable, 
are given in Table IT under the headings I-VI. The standard totals 
used are roo and 123; the latter, referring to regions 70’ x70’, was 
determined by the condition that the total for the central 60’ X60’ 
region in an area 70’ X70’ should be 100. The weights in the sixth 
and last columns of Table IT are the numbers of unit areas per field 
upon which the different densities are based. 

All the groups show a decrease in density with increasing dis- 
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tance. The means for groups I-III and IV-VI, plotted in Figure 5 
as points and crosses, respectively, agree well and show that the in- 
fluence of irregularities and clustering have been rather thoroughly 
eliminated. The loss in density with increasing distance is so large 
that at 35’ from the center the number of nebulae recorded is only 
one-half that at the center. 

The central density, which may be taken as 4.0, determines the 
true number of nebulae per square degree corresponding to an ob- 
served total of 100. The result is 4.0 X 36 =144, or 271 for 1.88 square 


10’ 20! 30° 40! 50 


Fic. 5—Decrease in number of nebulae counted (ordinates) with increasing 
distance from center of plate (abscissae). Points and crosses are mean results for groups 
J-III and IV-VI, respectively, including 670 nebulae in 39 Selected Areas photographed 
with the 60-inch reflector. Ordinates refer to a unit area of ro’ X10’ and have been 
reduced to a standard counted total of roo in a field 60’X60’ centered on the optical 
axis. 


degrees, which is the field of the original photographs. The numbers 
of nebulae counted by Fath are given in the fourth line from the 
last of Table II, while the numbers counted for the present discus- 
sion are in the next line. The corrected number per 1.88 square 
degrees in any given case is 


Corr. No.=271XNo. Counted/Standard No. 


The reduction factor for Fath’s counts is therefore the ratio 
Corr. No./Fath’s No. 
The close accordance of the results in the last line of Table II 
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shows that the various groups are mutually consistent and little 
affected by irregularities in the distribution. The adopted mean 
factor is 1.94. The principal source of uncertainty affecting this 
result is in the density adopted for the center of the field, namely, 
4.0. An inspection of Figure 5 indicates that this may be in error by 
as much as 5 or 10 per cent, the error being carried over into the 
correction factor practically unchanged, and hence also into the 
estimate of the total number of nebulae in the sky. 


TABLE III 


MEAN DISTRIBUTION IN GALACTIC LATITUDE AND ToTAL NUMBER OF 
NEBULAE To Poot. MAc. 18.6 
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Total N 70° to S 70°, 210,000; whole sky, 300,000. 
? 


This estimate can now be made with the aid of the data in the 
sixth and ninth columns of Table I, which lead to the averages for 
10° zones of galactic latitude given in the second and third columns 
of Table III. The area to which these numbers refer is 51.88 = 
9.4 square degrees. The numbers of nebulae per square degree, cor- 
rected for aberration losses, are found by multiplying by 1.94/9.4= 
0.206. The results in the fourth and fifth columns of Table III are 
the final values for the distribution in galactic latitude. To 70° in 
the northern hemisphere no great change is to be expected as a 
result of future counts. The values for the region about the north 
galactic pole, 70°-90°, are uncertain, and all the densities for the 
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southern hemisphere are subject to considerable revision because of 
the unsymmetrical distribution of the photographs. 

The summation for the different zones given in the last two 
columns of Table III indicates that the mean density for southern 
latitudes is about three-fourths that for northern latitudes. The 
numbers adopted for the region S7o°-Sgo° are assigned on the 
basis of the rather risky assumption that this ratio holds for all 
latitudes. Unless the unobserved part of the southern hemisphere is 
quite different from the observed portion in its number of nebulae, 
a round total of 210,000 from N 70° to S70° should not be seriously 
in error. The estimate of 300,000 for the whole sky is much less re- 
liable; but with all reasonable allowance for deficiencies and un- 
certainties, this result cannot be directly reconciled with the much 
larger estimate of Curtis. Either the limiting magnitudes of the 
two series of photographs have not the equality hitherto supposed, 
or else the observed regions which are the basis of the larger esti- 
mate are not representative of the sky as a whole. 


Mount WIson OBSERVATORY 
June 1925 
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SPECTROSCOPIC PHENOMENA OF THE 
HIGH-CURRENT ARC 
By ARTHUR S. KING 


ABSTRACT 


The high-current arc—The direct-current arc carrying 1000 amperes or more at 
about 100 volts, usually between rods of small diameter, gave a source of great brilliancy 
and somewhat explosive character, producing mainly the spectrum of the neutral atom 
under conditions of high excitation. 

Elements studied —The spectra studied were those of iron from d 2800 to \ 8400, 
and selected regions of titanium, magnesium, calcium, copper, and aluminum. Certain 
lines of sodiwm, gallium, oxygen, and nitrogen are also described. 

Spectral characteristics of high-current arc-—The distinctive features are an in- 
tensification of the high-temperature lines, and a strong development of widening 
phenomena, with dissymmetries toward red or violet which often result in distinct 
shifts of the emission lines. Reversals are numerous, becoming less frequent with in- 
creasing wave-length, but extending into the infra-red of the iron spectrum. Band 
spectra are absent in emission but may appear in absorption. A continuous spectrum 
appears in the ultra-violet, resembling that of the condensed spark and of exploded 
wires. The high temperature and explosive action of the arc produced finely divided 
residues of iron and iron oxide which were examined microscopically. 

Widening phenomena in the iron spectrwum.—The degrees of widening, usually un- 
symmetrical, are given for 920 iron lines from \ 4250 to \ 8400. This material permits 
a selection of lines which remain stable in the ordinary arc and are suitable for wave- 
length standards. As the members of a multiplet show similar widening in the high- 
current arc, the selection of series groups is facilitated. Energy level is indicated by the 
degree of dissymmetry, lines of low level being nearly symmetrical, while the lines of 
multiplets starting from successively higher levels show increasing susceptibility to 
unsymmetrical widening. The type of widening shows a close relation to the tempera- 
ture classification, and for the high-temperature lines the results supplement those of 
electric-furnace investigations. 

Phenomena for other elements ——The other spectra studied showed effects similar to 
those of the iron spectrum. Exceptional intensity for an enhanced line was noted in the 
case of \ 4481 of magnesium. High-temperature arc lines of magnesium and copper 
showed very large red displacements. The D lines of sodiwm and other lines given by 
minimum excitation showed distinct red dissymmetry. The oxygen triplet \ 7772- 
d 7776 and four zitrogen lines in the infra-red appear in the arc between iron electrodes. 

Comparison of high-current arc with other sources——A comparison of the tendency 
to displacement of iron lines in the high-current arc with that observed in the pressure 
arc, polar region of the ordinary arc, tube arc, disruptive spark, and exploded wires 
showed similar effects as to direction and relative magnitude in all of these sources, 


It is generally recognized that each of our laboratory light- 
sources is especially adapted to the production of a certain type of 
spectral line, and that in a given spectrum the response of various 
groups of lines to different degrees of excitation, beginning with 
several temperature stages of the electric furnace, can be traced 
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through various forms of arcs and sparks, up to the most disruptive 
spark discharges. In the lower excitations, the spectrum of the 
neutral atom naturally predominates, the lines belonging to higher 
energy levels gradually developing, but in many metallic spectra 
the ionized atom begins to emit at the higher furnace temperatures, 
and the enhanced lines increase in strength as we pass through the 
scale of excitations until in the more powerful sparks the lines of the 
neutral atom have almost disappeared. 

This paper records some observations of the spectrum of the 
metallic arc carrying a very large current, perhaps the most effective 
source thus far devised for developing the lines of the neutral atom 
and for showing their peculiarities of structure. 

When the current of an arc that is normally operated for steady 
burning at about 5 amperes is increased to 20 or 30 amperes, no 
decided change in the spectrum results other than a general intensi- 
fication and an increase in the number of reversed lines. The arc 
spreads over a larger area on each electrode, and there is little alter- 
ation in the character of the discharge. But if the current is increased 
to the order of 1000 amperes, there is no longer room on the small 
terminals for a normal spreading of the discharge. The electrodes 
are rapidly consumed, but as the arc must pass between the small 
areas at their ends, the current density is greatly increased and some 
features of the discharge, which in the low-current arc have little 
effect, are greatly intensified. It was with the object of observing 
the spectral changes brought about by such unusual arc conditions 
that the following experiments were carried out. 


EXPERIMENTAL METHOD 


Electrical power to the desired amount was available from a 
500-kw direct-current generator, with voltage regulation up to 150 
volts. The current leads are the same as are regularly used, with the 
lower voltages of the dynamo, for the electric furnace, and the con- 
nection is made with the arc holders without introduction of any 
extra resistance. The arc terminals are held horizontally in clamps 
similar to those of the tube furnace.t These are water-cooled bronze 
blocks, with graphite bushings fitting around the electrodes. The 


* Mt. Wilson Contr., No. 247; Astrophysical Journal, 56, 318, 1922. 
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bronze pieces slide on their supporting frame, the final connection to 
the dynamo leads being of flexible, water-cooled copper tubing. 

The most suitable form of arc electrode for the metal in use, and 
also the most effective voltage, must be found by experiment. Most 
of the work thus far has been with iron terminals consisting of rods 
4 mm in diameter inserted in the ends of 19-mm graphite rods and 
projecting initially about 5 cm beyond the graphite. These were 
used for a succession of the explosive arcs until they melted back to 
the graphite. Rods of magnesium, aluminum, copper, and calcium 
have been used in the same way. If the material is pulverized or will 
not make good electrical contact with the graphite, it may be held 
in small tubes of copper or other metal, which are inserted in the 
graphite rods. This method was used with powdered titanium. 

The arc terminals are adjusted with the ends of the rods or tubes 
just touching, and the dynamo circuit is then closed. The arc is a 
blinding flash, and molten metal, much of it in very small droplets, 
is widely scattered. With a potential of 100 volts, the throw of the 
ammeter is usually to 1000 or 1100 amperes, but the full value of 
the current is evidently not recorded on account of the brief duration 
of the arc. It is hoped later to make detailed observations on the 
character of the discharge, but it is clearly a true arc and not a 
fusion of the rods by an overload of current, as the terminals shorten 
until a fairly definite gap is left, depending on the voltage, about 
3 cm with roo volts, and the arc breaks, leaving the remaining por- 
tions of the rods intact. 

Iron rods having diameters larger and smaller than 4 mm have 
been tried with less satisfactory results. Apparently, for terminals 
of any given material, a size must be used that will confine the arc 
to a small area at the ends and still enable the rod to carry the cur- 
rent for the short time required, permitting the arc to pass without 
melting down the rods as a whole. 

Carbons 19mm in diameter loaded with the material to be 
vaporized were tried with several metals. The arc is started by 
sliding the clamps to bring the carbons into contact, and a steady- 
burning, though greatly overloaded, arc can be maintained for some 
time by pushing the carbons together as they burn away. The 
carbons quickly become white hot up to the clamps. The spectro- 
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scopic features of the arc when thus controlled will be described 
later. The explosive character is diminished, and strong vaporization 
of the carbon takes place. It is feasible to interrupt and re-ignite 
this arc by directing an air blast intermittently at the gap. The 
strong ionization between the terminals causes the arc to spring 
again when the blast is turned off. 

The residues from the arc when made to discharge between 4-mm 
iron rods gave evidence of the high temperature prevailing through 
a large mass of the material. In addition to the large amount of 
iron turned into vapor, much more was just below the vapor state. 
As the arc with 100 volts normally burned to a gap of at least 32 mm 
before breaking, about 0.4 cc of iron was melted in the time occupied 
by the brief flash. The high temperature prevailing gave extreme 
fluidity to the portion of the iron not actually vaporized. Droplets, 
about o.5 mm in diameter, caught on bits of glass, after a flight 
through some 2m of air, retained sufficient heat to sink into the 
glass. Still more striking was the large amount of highly tenuous 
oxide. After the flash of the arc, a large volume of yellow smoke 
arose, and when this was dissipated, hundreds of filaments of iron 
oxide were seen floating in the air. These were usually several centi- 
meters long, and were apparently formed in the wake of flying glob- 
ules, the residue of which often remained as a black droplet at the 
end of the mass. My brother, L. M. King, made a microscopic 
examination which showed the highly divided state of the iron re- 
sulting from the high temperature and the explosive action of the 
arc. Magnifying powers up to rooo diameters revealed a very 
beautiful structure consisting of fine yellow strands of oxide. These 
strands, of surprisingly uniform thickness, were more or less meshed 
together, and at intervals along them could be seen very tiny glob- 
ules of iron, still in the black state. Micrometer measurements, 
under a power of 500 diameters, gave the size of the droplets and the 
thickness of the yellow strands. For a specimen whose total length 
was 2.3mm, the droplet at the head measured 0.09 mm; the black 
globules along the strands were all close to o.oo18 mm diameter, 
while the strands themselves were only 0.0008 mm thick. The 
production, in a fraction of a second, of large quantities of such 
firmly divided matter, in addition to the larger drops of liquid iron 
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expelled from the arc, gives some idea of the difference between this 
source and the quietly burning arc carrying a current of a few am- 
peres. 

PHOTOGRAPHY OF THE SPECTRUM 

The spectrograms for the most part were made with the 15-ft. 
concave grating spectrograph, the second order, with a scale of 
1.86 A per millimeter, being used for wave-lengths shorter than 
5500, while the bright first order was employed for the red end 
of the spectrum. 

As far as the brightness of the spectra and the sensitiveness of 
the plates permitted, spectrograms were made with a single flash of 
the arc. For the first order of the grating, a single flash gave fully 
exposed spectra as far as \5800, and two flashes to \6700. The 
much weaker second order required ten flashes in the green, while 
for the infra-red of the first order, photographed on dicyanin-bathed 
plates, as many as twenty-three flashes were made. The terminals 
were usually so arranged that the light near the negative pole, as it 
burned backward, fell on the slit, as this radiation was found to have 
the maximum effect in bringing out peculiarities of the line structure. 


SPECTROSCOPIC FEATURES 


The high-current arc gives, in the main, the spectrum of the 
neutral atom, and is characterized by three distinctive features in 
which it supplements the spectroscopic sources regularly in use. 
These are, first, an intensification of the high-temperature lines; 
second, an absence of the band spectrum of the metal or compound, 
except as it may appear in absorption if a favorable background 
is present; third, the development in very high degree of any peculi- 
arities of widening, especially dissymmetry toward red or violet, to 
which the individual lines are subject. The manner in which these 
effects result from the observed characteristics of the arc may now 
be considered. 

High-temperature lines——The physical phenomena involved in 
the action of the high-current arc, consisting of rapid melting of the 
electrodes, extreme fluidity of the molten matter, the production of 
a large volume of vapor, and the intense brightness of the radiation, 
are indications of the way in which the 100 kw or more of electrical 
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energy are being used up. Evidently we have between the poles a 
considerable volume of dense vapor, subject to excitation conditions 
which in the ordinary arc are transient, if present at all. The low-cur- 
rent arc between metallic electrodes or loaded carbons is maintained 
in a steady state by a moderate vaporization from small areas on the 
electrodes; but there are moments of unusual activity during which 
intensely heated vapor is ejected from the poles, giving, especially in 
the core of the arc, a strong luminosity in which the high-temperature 
or “‘core’”’ lines are prominent. The spectrum indicates that these 
conditions, transient in the ordinary arc, are the prevailing state of 
the high-current arc. The radiation from this central mass of vapor 
dominates the spectrum, and gives it the appearance of being made 
up of high-temperature lines. The low-temperature lines, being 
emitted largely by the envelope of cooler vapor, are relatively incon- 
spicuous. The lines of Class I, the most prominent lines of the fur- 
nace spectrum, are notably narrow and weak in the high-current 
arc, as though practically absent from the hot central portion. 
Class IT lines, which are the strongest group in the ordinary arc, are 
evidently emitted as wide lines by the central portion, but undergo 
very wide self-reversal, owing to their persistence in the cooler en- 
velope. It is the strong emission of lines of Classes III, IV, and V 
that especially distinguishes the high-current arc. Their intensity 
indicates that in the scale of excitation this source is fully active at 
the stage where the furnace is weak and the low-current arc only 
moderately effective. 

Band spectra.—TVheabsence of the bands fromspectrograms of the 
high-current arc is probably due to the short exposures required for 
the line spectrum emitted by the central vapor, and is a further 
step in the process which gives relative weakness to the low-temper- 
ature lines. With iron arc electrodes there is no question that large 
quantities of oxide are formed, but the envelope in which the 
combination takes place is apparently forced out some distance by 
the explosive action of the arc, and, as a result, is of relatively low 
density. The time required to photograph the line spectrum of the 
inner vapor is thus too short for the band emission to be registered. 
That a band spectrum is present was shown clearly in the aluminum 
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spectrum by the band structure appearing in absorption on a back- 
ground formed by broad, enhanced lines of the metal. To study the 
band spectrum in emission would require relatively long exposures 
of the arc envelope away from the region of intense line emission. 
The absence of bands permits an undisturbed study of the line 
spectrum, which, in regions such as the orange and red of iron and 
titanium, is highly advantageous. 

Line dissymmetry.—In view of the very extensive data which 
have been accumulated in several lines of investigation, it seems 
necessary to admit that actual displacements of lines of certain 
types are produced in several sources of high excitation. In the 
ordinary arc, the unsymmetrical widening of some lines, usually 
toward the red, is a very familiar phenomenon; but spectroscopists 
have concerned themselves chiefly with the possible effect of this 
broadening upon wave-length measures, and the normal position of a 
line is established for conditions of the source in which the dissym- 
metry isa minimum. But when under certain conditions a line wings 
out strongly, say to the red, with nothing corresponding on the 
violet side of the normal position, it is evident that a certain propor- 
tion of the radiation is tending toward the production of a line dis- 
placed to the red. If in any source this proportion is increased, so 
that the radiation in question becomes dominant, the result is a 
line whose maximum is shifted to the red of the normal position. 
This happens in the high-current arc, in very different degrees for 
different types of lines, but so generally that lines which attain any 
considerable strength and show no tendency to displacement are 
rare. While this arc, partly because it produces high-temperature 
lines with great intensity, shows the displacing action more generally 
and with greater distinctness than any other source which has been 
used for spectroscopic work, other forms of electrical discharge give 
effects which are qualitatively similar. These will be discussed in 
connection with the data for the iron spectrum. 

The results of a preliminary survey of high-current arc effects 
for several elements will now be presented. Spectrograms over an 
extended region were made only for iron. The effect upon individual 
lines will be given for part of the region, not only for direct applica- 
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tion to problems concerning the iron spectrum, but as an example 
of what we may expect for the spectra of the high-current arc in 
general. 

TRON 

Continuous spectrum.—The high-current arc with iron terminals 
gave a continuous ground of considerable strength, beginning about 
d 4300 and extending into the ultra-violet. This is noteworthy as 
being similar to that given by certain high-potential discharges. 
The spark spectra of several metals are known to show strong con- 
tinuous radiation in the ultra-violet, and it is a feature especially 
noted by Anderson’ and by Smith? in their studies of wire explosions, 
when these were confined in a wooden block. 

Ultra-violet spectrum.—In the ultra-violet, at least as far as 
d 2800, it is evident that the low-temperature iron lines, selected on 
the basis of the writer’s investigation of the furnace spectrum,’ are 
produced chiefly in an envelope outside of the region of intense ex- 
citation between the poles. They appear as absorption lines on the 
continuous ground noted above, with little evidence of emission 
wings. ‘The continuous spectrum can be weakened by using plates 
of greater contrast, and then these lines are seen to have wings much 
narrower in proportion to the width of the reversal than those of 
lines of the same temperature classes in. the visible spectrum. Inter- 
spersed among the low-temperature absorption lines are the higher- 
temperature lines in various stages of sharpness and narrow reversal, 
the latter usually unsymmetrical; but the outstanding emission lines 
in this region are the enhanced lines. These can be selected at a 
glance, being strong and yet not reversed. It is known that the en- 
hanced lines of iron in the ultra-violet are relatively easy of produc- 
tion in the ordinary arc. The emission in the interior of the high- 
current arc consists mainly of these and of the high-temperature 
arc lines. 

Visible spectrum.—The continuous spectrum holds out to about 
4300 with sufficient strength to be disturbing when the discharge 
near the negative electrode is favored, and as the dissymmetry of 

* Mt. Wilson Contr., No. 178; Astrophysical Journal, 51, 37, 1920. 

? Mt. Wilson Contr., No. 285; Astrophysical Journal, 61, 186, 1925. 

3 Mt. Wilson Contr., No. 247; Astrophysical Journal, 56, 318, 1922. 
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line structure is most marked in this portion of the arc, Table I, 
with its description of individual lines, begins at \ 4250. From this 
limit into the infra-red, we have well-defined lines, and no bands; 
and the absorption of the cooler vapor results in self-reversal, 
throughout the visible spectrum, of a large proportion of the lines. 
The reversals, however, decrease in breadth, taking up normally 
but a fraction of the total width of the emission line. This lessened 
effectiveness of the cooler envelope corresponds with the relative 
scarcity of low-temperature furnace lines at the red end of the iron 
spectrum. In the infra-red, practically the entire radiation of the 
arc appears to come from the region of highest excitation. 

The enhanced lines of the visible region, which can be obtained 
at the poles of the ordinary arc, are present in the high-current arc, 
but show only moderate intensity. The distinguishing feature is a 
very rich spectrum of the neutral atom, with an intensification of 
high-temperature lines which are weak in other sources. 

Reversals.—In the ordinary arc, with currents below 10 amperes, 
seven lines to the red of \ 4250 may be expected to reverse. When 
higher currents within the range of the usual arc apparatus are used, 
the reversals increase in number and the stronger low-temperature 
lines up to \ 5500 may be obtained in reversal. In contrast with 
this condition, the high-current arc gives 176 reversals beyond 
4250, or about one line in five. While the reversals become less com- 
mon with increasing wave-length, they are frequent as far as \ 6678, 
and even \ 7511 was reversed. High-temperature lines, including 
some of those most difficult of production in the furnace, undergo 
reversal, if fairly strong and not extremely diffuse. Examples are 
the Class V lines in the green-yellow consisting of AA 5383, 5404, 
5415, 5424, and similar neighboring lines. These have a considerable 
degree of diffuseness, with widening toward the violet, but are clearly 
reversed in the high-current arc (see Plate VIII). 

Intensification of high-temperature lines without notable widening. 
—Plate VIII also shows a phenomenon observed in the earlier work 
when the arc was formed between iron and carbon rods 19 mm in 
diameter, the former being used as a positive terminal. This arc 
would burn steadily for some seconds and was not nearly so bright 
as the explosive arc between small iron rods. The lower concentra- 
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tion of energy prevented any pronounced widening of the lines; at 
the same time the arc retained the power to give great intensity to 
the high-temperature lines. Comparison of its spectrum, Plate VITIc, 
with that of the ordinary iron arc in Plate VIII shows that the low- 
temperature lines are of equal strength in the two sources, while 
the high-temperature lines are strengthened in the high-current 
arc about in proportion to their temperature class, lines of Class V 
being the strongest in the region illustrated. 

Widening phenomena.—Table I contains 920 lines, having widen- 
ing characteristics as follows: 


Unsymmetrically widened toward red................ 307 
Unsymmetrically widened toward violet.............. 62 
Widened without clear dissymmetry...............:. 175 
Sharp or’symumetnically reversedi cen aq -ce siote ers cecal: 276 
Uncertain on‘account of blends 54.6.2 ics oie ene ie) 


About 43 per cent of the total number thus show distinct dis- 
symmetry toward the red. These lines differ in appearance from 
widened lines of the ordinary arc, where we have a shading-off from 
the position of the normal maximum. In the high-current arc, the 
maximum has moved into this region of shading. Unreversed lines, 
when fairly narrow, appear displaced with reference to the compari- 
son lines of the ordinary arc. The stronger lines, except in the infra- 
red, are almost invariably reversed, the reversal being more or less 
on the violet edge of the line in the high-current arc, but coinciding 
closely with the position of the regular arc line. The displacing effect 
is probably very general, and under higher dispersion many lines 
classed as ‘“‘sharp” in Table I, and some of these which appear simply 
widened, would probably show a slight red dissymmetry. This was 
indicated by photographs of two sections of the iron spectrum, one 
in the blue, the other in the green-yellow, taken in the second order 
of the 30-ft. plane-grating spectrograph, with a scale about double 
that of the concave grating. The freedom from astigmatism made 
it possible to obtain a record of the very intense radiation near the 
negative electrode. Under these conditions, apparently no line re- 
mained perfectly symmetrical. 

Lines widened toward the violet occur in groups, notably near 
AA 5100, 5400, 5700, and 6050. They are high-temperature lines, 

308 


SPECTROSCOPY OF HIGH-CURRENT ARC II 


and very few have been obtained with the furnace. The outstanding 
exception is the Class I line, \ 5110.414, which is narrowly reversed, 
with the violet side clearly stronger. In the furnace spectrum’ this 
line has remarkable strength at low temperature, the only compa- 
rable lines being \\ 5166.288 and 5168.904, which are disturbed by 
adjacent lines in the high-current arc, and may have similar dis- 
symmetry. 

Widening without dissymmetry occurs to a small degree for many 
lines which are sharp in the ordinary arc. Lines which become diffuse 
are uniformly high-temperature lines. In extreme cases of diffuse 
widening, the line structure disappears in the high-current arc, 
which probably accounts for the fact that many faint iron lines 
measured by Kayser® do not appear on my photographs. 

Use in wave-length measurements.—The exaggeration in the high- 
current arc spectrum of any peculiarities of structure present in a 
more or less incipient state in the ordinary arc shows at once the 
lines that should not be used as wave-length standards, and also the 
degree in which other lines may be useful. It may be safely assumed 
that lines which show only slight widening or dissymmetry in the 
high-current arc will show very little wave-length variation in the 
regular laboratory arc, especially if care is taken as to what part of 
the arc is observed. Thus lines marked S, Ro, Ruy, ux, or wy may 
be expected to remain fairly stable. Lines whose dissymmetry is 
u; Or u, are totally unreliable, while u, lines should be discarded un- 
less of very moderate strength. The higher degrees of symmetrical 
widening, denoted by w;, w,4, ws, belong to lines which are more or 
less diffuse in the regular arc and offer difficulty in setting on their 
centers. 

There is no certain evidence that the high-current arc reveals any 
new iron lines. The existing tables for the iron arc were sufficient 
for the identification of almost all lines not to be ascribed to impuri- 
ties. This would indicate that the neutral atom emits a definitely 
limited number of lines, that these lines are present, though often 


I Mt. Wilson Conir., No. 66; Astrophysical Journal, 37, 239, 1913. 

2 Handbuch der Spektroscopie, 6, 8096. 

3 See St. John and Babcock, Mt. Wilson Contr., No. 137; Astrophysical Journal, 46, 
138, I917. 
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very faint, in the arc with moderate current, and that the chief 
characteristic of the high-current arc in this respect is an intensifi- 
cation of such faint lines when they arise from the higher energy 
levels of the atom. 

EXPLANATION OF TABLE I 


W ave-lengths —The wave-lengths are chiefly those of Burns" on 
the international system. A few faint lines are from the lists of 
Kayser? and of Meggers and Kiess.3 These are indicated by an 
asterisk or a dagger, respectively. 

Symbols.—The symbols used to describe the lines in the high- 
current arc are as follows: 

Ro. A nearly symmetrical reversal; probably never perfectly symmetrical. 
(See p. 10) 
S. A narrow line without distinct dissymmetry; if the line is faint, a 
slight one-sidedness may not show. 

Ru,;. A clear dissymmetry of reversal with the red side stronger. The dis- 

symmetry increases up to Ruy, in which case the absorption line is at 
the violet edge of the emission line. Partial reversal is indicated by r. 

ux to us. Increasing degrees of widening toward the red without reversal. 

urv, etc. Dissymmetry toward the violet in varying degrees. If reversed, the 
absorption line is to the red of the emission maximum. 

w: to ws. Increasing degrees of widening without clear dissymmetry. 


Remarks —These are at the end of Table I and are referred to 
by numbers adjacent to the wave-lengths. 


t Lick Observatory Bulletin, 8, 27 (No. 247), 1913. 
2 Handbuch der Spektroscopie, 6, 896. 
3 Bulletin of the Bureau of Stendards, 14, 637, 1919. 
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TABLE I 


WIDENING CHARACTERISTICS OF IRON LINES IN HicH-CURRENT ARC 


4687. 
4688. 
4689. 
4690. 
4601. 
4700. 
4701. 
4704. 
4705. 
4707 - 
4707. 
4708. 
4700. 
4710. 
4711. 
4712. 
4714. 
4721. 
4727. 
4728. 
4720. 
4731. 
4733. 
4734. 
4735- 
4730. 
4740. 
4741. 
A745. 
4757. 
4768. 
4768. 
4771. 
4772. 
4776. 
4779. 
4785. 
4786. 
4788. 
4789. 
4791. 
4798. 
4798. 
4799. 
4799. 
4800. 
4802. 
4804. 


4808. 
4809. 


4824. 
4832. 
4834. 


4830. 
4843. 


4845. 
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TABLE I—Continued 


+05 

SOOT Seana us 192 
4085-502. 000 us Pee eee ee Be fy 
4988 .970...-.. 4 5105 5680 .26*. eee st 
AQQT.288.....% U4 5198 5086 .532. ae wv 
4904-133. Tur 5202 5601 .509.. : Us 
BGOESBBT 6. 0. «5.0 Rus 5204 5693 .038 oe uav 
S009 BIS .o v0 sain us 5208 5608.05*..... Ws 
KOGE2Y 20. \« ¢ core Rus 5215 5608.37* Aa S 
5006 13437. Rus? |] 5216 5700.26*...... iS) 
5007-31297"... Ws? 5217 S7OI .555...006 iS} 
5012 .073%..... Ruz 5225 5702.4 Pies a PES 
5014.960...... rus 5220 5705.088...... wav 
5018 .43739 5227 5707 SOR ees Ws 
BOSS. 255 «6 0.05.0 us 5220 5709.305...... u, 
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ee ae aires : 5235 5712.1509..... wa? 
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5039.266...... us 5243 5717.8 eee Us 
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TABLE I—Continued 


NOTES TO TABLE I 
Blend with \ 4250.134. 


. These lines reverse, but structure is concealed by \ 4260.489. 
. Blend with \ 4271.171. 


Dissymmetry very small. 
Dissymmetry very small. 


. Small dissymmetry. Cf. Ad 4282, 4315. Palys 
. In wing of \ 4383.548, sometimes as absorption line. 


Blend. 


. Line has sharp center, may be two lines superposed. 
. Disturbed by \ 4476.082. : me 
. Measured by Babcock with interferometer in Pfund arc, under standard conditions. 


tensified in high-current arc, 


. Blend with A 4482.262. 

. Very narrow. 

. Enhanced lines. , 

. Shading on red side may be caused by faint adjacent line, 
. Enhanced lines. 

. Blend with \ 4568.7809. 

. Enhanced line. 

. Blend. 

. Very faint. 

. Enhanced line, very faint. 

. Unusual case of diffuse line symmetrically reversed. 

. Similar to \ 4667.460, but has slight red dissymmetry. 
. Blend with \ 4678.856. 

. Disappears. Diffuse in ordinary arc. 

. Concealed by \ 4707.287. 

. Very faint. 

‘ Vag shading on red side may indicate presence of another line. 
. Blend. 

. Blend with \ 4889.13. 

. Enhanced line. 

. Very faint. 

. Three lines run together. 

. Blend with \ 5005.729. Degree of widening uncertain. 
. In wing of \ 5006.134. Probably very diffuse. 

. Nearly symmetrical. 

. Enhanced line. 

. Very faint. 

. Reversal at violet edge of line. 

. Slightly shaded to red. 

. Blend with \ 5008.s504. 

. Blend. Structure of lines somewhat uncertain. 

. Violet side of reversal slightly stronger. 

. Blend with \ 5148.260. 

. Blend with A 5169.029. 

. Enhanced line. 

. Dissymmetry very small. 

. Blend. 

. Enhanced line. 

. Blend. 


Wide shading to red. 


. Slight but distinct dissymmetry. 
. In shading of \ 5554.870. 

. Close to strong line X 5563.609. 
- Blend with A 5655.506. 
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NOTES—Continued 
58. Blend with \ 5658.836. 
Blend. Z 


60. May be usv. 
61. Blend. 
62. Close to \ 5785.20. 
63. In shading of \ 5804.06. 
64. Uniform shading to d 5859.20. 
65. Blend. 
66. Blend with dX 5905.677. 
67. Difficult. May be faint companion on violet side. 
67a. Uniform shading to \ 5929.7. 
68. Blend with \ 5930.177. 
69. Shading affected by \ 5920.7. 
70. Blend. \ 6020.177 may widen to violet. 
71. May widen to violet. 
72. Disturbed by \ 6102.185. 
73. May be Ba. 
74. Shades into a second very diffuse line to red. 
74a. May widen to violet. 
75. Barely visible. 
76. Shades into » 6494.993. 
77. Probably double. In ordinary arc sharp line appears superposed on very hazy line. 
78. May be double. Measured by writer. 
79. Shading may be affected by Ba line. 
. Blend. 
81. Some shading to red. 
82. Blend. 
83. Blend with » 7024.084. 
84. May be shaded to violet. 
85. Extremely hazy. 
86. Very faint lines. 
87. Line to violet seems to come up in high-current arc. 
88. Hazy line appears on red side. 
89. Disappears. 
90. Measured by writer. 
91. Close to potassium line. 


WIDENING EFFECTS AND ENERGY LEVELS 


The work of Walters' and of Laporte? on regularities in the iron 
arc spectrum makes possible a comparison between widening effects 
and atomic energy levels. This is given in Table II, the notation of 
Walters being used, in which A is the lowest of a succession of levels. 
Lines of smallest dissymmetry in the high-current arc from \ 2800 
to \ 8400 belong to multiplets starting from levels A, B, and C. The 
initial level, rather than the range of levels, is evidently the impor- 
tant feature. Thus a multiplet having a jump from A to M re- 
tains the Ro character of the smaller intervals which start from the 
A level. Jumps of B to R and C to Q have lines similar to multiplets 
with jumps between levels close together. An increased suscepti- 
bility to unsymmetrical widening is very distinct, however, for 
higher initial levels. Multiplets from level A are the most symmetri- 
cal, the A to E group consisting of sharp lines in the green in furnace 
Class I A, while the remaining nine multiplets include strong low- 


t Journal of the Optical Society of America and Review of Scientific Instruments, 8, 
245, 1924. 
2 Zeitschrift fiir Physik, 23, 135; 26, I, 1924. 
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temperature lines in the ultra-violet with minimum dissymmetry. 
Multiplets from levels B and C are also made up of low-temperature 
lines, and when their structure is clearly brought out, show, in gen- 
eral, aslight red dissymmetry. The D multiplets are an intermediate 
group, some consisting of faint red lines which remain sharp, perhaps 
because of low intensity, but two multiplets in the blue and green 
have lines of pronounced ru, structure. The prevailing temperature 
class of D multiplets is III. Starting from level F and high levels, we 
have the high-temperature lines of Classes IV and V, showing the 
very general widening toward the red indicated by u; and uy. It is 


TABLE II 


ENERGY LEVELS OF IRON MULTIPLETS 


Initial Level Prevailing Type erie 
PA stare Pue Oe aa eis slo Ona ee Ro Io 
DD ceases Gide Vieeeie orevene Sic ieke Ruz 13 
: cece errr rere sereeeees Ru, 9 
Ny estdeatee eine ce starts cone ere TU2 5 
| De. eee ae Core U, 2 
Given ican nee sd U3 I 
UB AR omen ororrecr circ uy I 
Ror orislaid erie sisin cise 38 ts Uy I 
K, ee ee ee a Uy C 
Li sigistete ain stapes eile sGote ais U4, I 
1 EA a ar inercorle Uy, I 


noteworthy that none of the lines having dissymmetry toward the 
violet have as yet been arranged in multiplets. From their furnace 
behavior, it is evident that they are high-level lines, probably with 
unusual combinations. 

Apparently the large electronic orbits giving rise to lines of high 
energy level are especially susceptible to disturbance by strong ex- 
citation, and the peculiarities of structure brought out by the high- 
current arc, especially for lines beyond the reach of the furnace, 
may be used to indicate energy level and thus supplement the tem- 
perature classification. 


RELATION TO TEMPERATURE CLASSES 


Slightly over one-third of the lines included in Table I have been 
classified in furnace spectra, the two most numerous types and the 
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two next in number being given in Table III for each temperature 
class. The data show a sharp or symmetrical structure prevailing 
for lines of Class IA, small dissymmetries in Classes I and II, and 
an increasing proportion of strongly widened lines in the higher 
classes. The considerable proportion of scattered types under 
Classes ITI, IV, and V is made up chiefly of faint arc lines which have 
not appeared in the low-temperature furnace, perhaps partly on 
account of the general faintness of such furnace spectrograms. Some 
of these lines remain sharp in the high-current arc, which is the 
typical behavior of low-temperature lines when unreversed. Wheth- 
er they are really low-temperature lines will be clear when their 
multiplet connections with other lines are worked out. Other minor 
variations from a close correspondence are also found. Thus a low- 
level multiplet given by Laporte includes the lines AXA 4376, 4427, 
4461, which were shown by the writer" to persist at temperatures as 
low as 1400°C. In the high-current arc these lines, while relatively 
weak, show a distinctly one-sided reversal. In the same region, 
AA 4282, 4315, 4352, which Laporte places by themselves in a mul- 
tiplet of uncertain level, are much more nearly symmetrical, but 
require higher temperature. They fade rapidly below 2000°C., and 
are placed in Class III in the revised list. In general, however, the 
correspondence with temperature class is close, and an examination 
of the ultra-violet shows the same relation holding in that region. 


COMPARISON WITH OTHER LIGHT-SOURCES 


1. Pressure arc.—In their study of the spectrum of the iron arc 
under high pressure, Gale and Adams? arranged the lines in groups 
according to the amount of pressure shift and tendency to widen 
unsymmetrically under pressure. ‘This grouping has been taken into 
account in the later wave-length measurements of the iron spectrum, 
as the tendency of lines from the more intense regions of the ordinary 
arc to give divergent wave-length values was found to correspond 
closely with their behavior in the pressure arc. Since the high-cur- 
rent arc exaggerates a displacing action which is present in some 
degree in the ordinary arc, we may expect to find phenomena which 

t Mt, Wilson Contr., No, 247; Astrophysical Journal, 56, 318, 1922. 

2 Mt. Wilson Contr., No. 58; Astrophysical Journal, 35, 10, 1912. 
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follow closely those of the pressure arc. A comparison of widening 
effects with pressure displacements for 111 iron lines measured by 
Gale and Adams in the region covered by Table I is given in Table 
IV. 
Table IV shows that the lines of groups a and b, with small or 
TABLE III 


RELATIVE NUMBER OF TYPES oF IRON LinEs FounpD In EACH TEMPERATURE 
CLASS, \ 4250-\ 7200 


Most numerous ty pesecemceces cane: ae s ba 1 % we ss me a ee) a ies Pe 
: ur | Ro, S| Ro, S | uy, uy | Us, Us | W3, W, 

FD y pes Nextll NUMDELs carne martockienins { mi Ps 4 seal ae eel ee § 

Number of lines of other types......... I I 2 14 25 I5 


moderate pressure shift, have at most only slight dissymmetry in 
the high-current arc. Lines which become strongly unsymmetrical 
under pressure are in group c, and those with extreme widening 
toward the red in group d. This gradation is followed closely in the 
high-current arc, where lines having widening indicated by u, and 


TABLE IV 


COMPARISON OF GROUPING OF IRON LINES IN THE PRESSURE 
ARC AND IN THE Hicu-CUuRRENT ARC 


Pressure Group 
Type rv H.C. Arc 


a b ¢c d 
Se ees eae 2 TA. Silica ate |ete oeteareee 
RO cet tare cee pitiees 9 PMS erect tll Wace aoc 
1b SSA er eh OAC 13 ele (Maser sents (tacorse 
NIan viens tS MSOs Rie icidorareis' heer nents Bsr sropeeectere 
Ug aurseisie of doe p ahs is | Setar e ate || eee nee I2 5 
1b Oca as Prt eit cd ee cyirurs [Porseoeeen all Levi grays 16 


u, predominate in the groups ¢ and d, respectively. There is no case 
of real discordance, in which a line shows large effect for one source 
and small effect for the other. Evidently, by a slight adjustment of 
the two classification systems, lines can be assigned to the groups of 
Gale and Adams by examination of the high-current arc spectro- 
grams, with the advantage that practically all the lines of the neutral 
atom can be treated by this method. 
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2. Polar displacements in the ordinary arc.—In their study of 
pole effect in the iron arc, St. John and Babcock* made use of the 
pressure groups in classifying the shifts which they measured be- 
tween lines produced at the pole and in the center of the arc. The 
larger shifts to the red measured in this way fall into pressure groups 
c and d, while displacements to the violet are placed in a fifth group, 
e. In Table I of the present paper, 156 ¢ and d lines occur, and of 
these 138 show large dissymmetry to the red in the high-current 
arc; the structure of the remaining lines is uncertain. All of the 44 
lines of group e common to the two lists spread to the violet in the 
high-current arc. The one-to-one correspondence thus indicated 
supports the view that the polar conditions of the ordinary arc, 
much intensified, are the dominant conditions of the high-current 
arc. 

3. Tube arc.—In this source,’ a graphite tube containing a metal 
or salt is intensely heated and made to burn apart, thus forming an 
arc in vacuum at about 30 volts, with currents comparable with 
those used in the present investigation. The line dissymmetries 
observed correspond fully in direction and relative magnitude with 
those of the high-current arc in air. The tube arc, being a vacuum 
source, gives narrower lines than the arc in air, a feature which 
brings out the structure better for some strong lines, but is dis- 
advantageous for the weaker lines, which are too narrow for classifi- 
cation. 

4. Disruptive spark.—A comparison of the iron lines of a strongly 
condensed spark with those of the tube arc? has shown that the 
widening phenomena are of quite the same character. As the volume 
of vapor in the spark is small, only certain types of lines are wide 
enough to be satisfactorily grouped on the basis of widening, but 
many very strong arc lines in the ultra-violet are so reduced in in- 
tensity that the strong displacing action of the spark discharge, 
which was studied by microphotometer curves, shows very clearly. 

5. Exploded wires—The absorption spectra obtained when 

i Mt. Wilson Contr., No. 106; Astrophysical Journal, 42, 231, 1915. 

2 Mt. Wilson Contr., Nos. 73, 103; Astrophysical Journal, 38, 315, 19133 41, 373, 


IgI5. 
3 Mt. Wilson Contr., No. 103; Astrophysical Journal, 41, 373, 1915. 
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metal wires inclosed in a wooden block are exploded by a condenser 
discharge have been described by Anderson.’ After these results 
were published, Anderson made a series of photographs of the iron 
spectrum with the same dispersion that I have used for the high- 
current arc spectra, and he has kindly placed this material at my 
disposal for comparison. The absorption lines given by the explo- 
sions show the same sort of widening or one-sided shading as appears 
in the high-current arc. Only the more pronounced effects are 
shown distinctly by the absorption lines, but evidently a displacing 
action is present, affecting the absorbing vapor in a way corre- 
sponding to that which in the high-current arc causes widening or 
displacement of the emission lines. 

Six light-sources have thus been extensively investigated in this 
laboratory, in which the iron lines are affected in the same way. 
Superficially considered, these sources have little in common. The 
conditions vary from low arc voltages to high spark potentials, 
from a partial vacuum to pressures of many atmospheres, from the 
slight vaporization present in the spark to the large mass of vapor 
quickly produced in the high-current arc. Except in the case of the 
pressure arc, a high electrical excitation is evidently present in each 
source, but this is not necessary for displacements under high pres- 
sure. The tube furnace under pressure,? heated to moderate temper- 
atures, has been shown to give line shifts fully as large as those of the 
pressure arc. 

The material at disposal indicates that spectral lines possess an 
inherent sensitiveness to displacement toward the red or the violet 
(or in both directions in the case of diffuse lines), which increases 
for lines of high energy level. There is a possibility that agencies 
quite different in character may act upon the electron orbits in 
such a way as to produce the observed disturbances of period. 


OTHER ELEMENTS 


Titantum.—The spectrum was obtained best with pulverized 
titanium carbide contained in small copper tubes held in the ends of 
graphite rods. One flash of the very brilliant arc gave a strong spec- 

t Mt. Wilson Contr., No. 178; Astrophysical Journal, 51, 37, 1920. 

2 Mt. Wilson Contr., Nos. 53, 60; Astrophysical Journal, 34, 37, 1911; 35, 183, 1912. 
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trum for the region \ 4950-A 6600. The symmetrical structure of 
the low-temperature lines and the varying degrees of dissymmetry 
toward the red for those of higher temperature showed that a 
grouping of lines as distinct as that for iron can be made. The band 
spectrum, usually very disturbing in this region, was quite absent 
in emission, but appeared in absorption in several places where the 
shading of diffuse lines furnished a background. 
Calcitum.—Varying amounts of the metal were used in the arc, 
the impurity in ordinary carbons being sufficient to show the struc- 
ture of the stronger lines. Thin-walled graphite tubes of 4-mm bore 
containing the metal, supported in graphite rods, gave a large quan- 
tity of calcium vapor with little disturbance from the carbon. The 
spectrum is notable for the violet dissymmetry of many of the low- 
temperature lines. This was noted for H and K in the tube arc’ and 
a similar reversal, with the violet side distinctly stronger, appears 
in the high-current arc in air. In the spectrum of the neutral atom 
the lines of the low-temperature sextet AA 4283-4319 reverse with 
violet dissymmetry, as do the lines in the group Ad 4425-4435-4455. 
When X 4227 is sufficiently weak, a slight dissymmetry with the 
red side stronger may be seen. Red dissymmetry, which is more 
or less pronounced in the ordinary arc for the triplets with violet 
members at AA 3949, 4093, 4578 and for the single lines \ 4355, 4527, 
is intensified to such an extent that the lines almost disappear. 
The pole effect as measured by Whitney” shows agreement with 
the foregoing dissymmetries as to direction and relative amount 
except in the case of H and K, for which the small red displacement 
(0.002 A) observed at the pole is perhaps within the errors of meas- 
urement for lines of this kind. The pressure displacements given by 
L. F. Miller? are also in agreement with the high-current arc data, 
except for a negligible pressure effect for H and K. 
Aluminum.—The strong lines AA 3944, 3962, spread to a great 
width in the high-current arc between metal rods, but when 
obtained as impurity lines in other spectra, they showed large red 
dissymmetry, with the reversal on the violet edge of the emission 
1 Mt. Wilson Conir., No. 103; Astrophysical Journal, 41, 373, 1915. 


2 Astrophysical Journal, 44, 65, 1916. 
3 Ibid., 53, 224, 1921. 
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lines. A similar dissymmetry was previously observed in the tube 
arc. In aluminum arcs, the gallium lines \A 4033, 4172, are frequent 
impurities, and in the high-current arc appeared reversed with very 
strong red dissymmetry. 

The strong aluminum bands from \ 4400 to A 4900 showed an 
interesting absorption effect. The enhanced lines in this region are 
very strong in the high-current arc, and each of these appeared as a 
group of fine lines resembling a diffraction pattern. This was 
caused by the absorption of the outer envelope in which the bands 
are present. The enhanced line radiation appeared only in the spaces 
between the band lines. 

Magnesium.—The appearance of the enhanced line \ 4481 and 
the structure of arc lines in the blue were observed. In the writer’s 
study of the tube-arc spectrum,’ \ 4481 was obtained with high 
intensity and its doublet structure was detected. The line was also 
very strong in the high-current arc in air, especially when the radi- 
ation near the negative pole fell on the slit. At the positive pole the 
line was weak, its width being that required by the two components, 
while near the negative pole, it sometimes spread to a width of 15 A. 

This variation, together with the absence of \ 4481 from the arc 
between carbon terminals charged with magnesium, is shown in 
Plate XI, which also illustrates the very large displacement of the 
high temperature line } 4703. This line in the ordinary arc undergoes 
strong widening to the red when much magnesium is present, as is 
shown in Plate XIa, but the position of the maximum is given by 
the point of the widened line. Plate XId, taken with small vapor 
density, shows the line sharp. In the high-current arc, the maximum 
of emission was displaced into the region to the red, ordinarily 
merely shaded, while the reversal remained in the position of the 
sharp arc line. An intensity curve for \ 4703, made with the register- 
ing microphotometer by Miss Ware, is reproduced in Figure 1. On 
this curve the position of the emission maximum is approximately 
7 A to the red of the reversal, which appears as a notch on the slope 
of the curve. A displacement of similar magnitude was shown by 
4352, but was too diffuse for measurement. The low-temperature 
line \ 4571 is shown also in Plate XI. In the high-current arc, it 


t Mt. Wilson Contr., No. 73; Astrophysical Journal, 38, 315, 1913. 
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was always narrow, but reversed unsymmetrically with the red side 
distinctly stronger. 

Copper.—The spectrum from \ 3800 to \ 4600 was photographed 
with the high-current arc between copper rods 6 mm in diameter. 
The arc was of very brief duration, with the maximum current un- 
certain. The effect on some of the high-temperature lines, which 
tend to diffuseness in the ordinary arc, is shown in Plate XI. Asa 
rule, these lines did not reverse, but appeared as wide, fairly sym- 
metrical lines much displaced to the red. Some showed unsymmet- 


i 


Fic. 1.—Microphotometer curve of magnesium ) 4703 in high-current arc 


rical reversal, however, the best defined being \ 4275, whose reversal 
coincided in position with the sharp line of the ordinary arc. This 
showed freedom from instrumental shift and made possible a rough 
measurement of the displacements. These averaged 0.33 A for seven 
lines from \ 4100 to \ 4600. Near \ 3900 a considerable number of 
fainter arc lines were strongly displaced to the violet. 

Sodium, D lines —These were obtained as very weak impurity 
lines on several plates, and showed a reversal with the red side 
distinctly stronger. With the symbols used for the iron lines, they 
would be described as Ru:x. This is the structure most frequently 
found for the lowest temperature lines in the spectra thus far ex- 
amined. 

Oxygen and nitrogen, infra-red lines——The oxygen triplet, AX 
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7771.97, 7774-01, 7775.68, appeared in the high-current arc between 
iron electrodes. The lines were shaded to the red, and showed a 
greater increase over their strength in the ordinary iron arc than do 
the average iron lines. 

The nitrogen lines, \X 7423.88, 7442.56, 7468.74, in the same 
arc were fairly strong, with shading to the red. As a very diffuse 
line, \ 8216.46 also appeared. On account of the odd multiplicity 
found in their series regularities, these lines are assigned by Kiess* 
to the spectrum of ionized nitrogen. Their appearance in the high- 
current arc indicates that they belong to a lower level of the ionized 
atom than the powerful spark lines near \ 4600, which do not appear 
in this arc. 

DESCRIPTION OF THE PLATES 

Plate VIII was described on page 9. Three types of iron lines are 
illustrated in spectrum b: low-temperature lines with almost sym- 
metrical reversals, such as AX 5397, 5430, 5434; high-temperature 
lines with red displacement of the maximum, as AA 5324, 5340, 
5393; and the group e¢ lines, AA 5383, 5404, 5415, 5424, with strong 
violet dissymmetry and the very unusual self-reversal. Spectrum 
c is that of the high-current arc burning steadily with iron-carbon 
terminals, showing great intensification of the high-temperature 
lines and small dissymmetry. 

Plate [X shows two sections of the iron spectrum in the green, 
the multiplet near \ 4900 and many other lines having strong red 
dissymmetry. Numerous lines remain narrow, while a group near 
d 5100 is displaced to the violet. The degree to which the enhanced 
lines AA 4924, 5018 are strengthened in the high-current arc 
represents the usual appearance of enhanced iron lines in the visible 
spectrum. 

Plate X covers a large part of the orange and red of the iron 
spectrum. A comparison with the ordinary iron arc, Plate Xa, 
shows many differences in relative intensity as well as numerous 
displacements toward red or violet. The lines which remain sharp 
and of nearly the same intensity in the two arcs show the usual be- 
havior of unreversed low-temperature lines, but owing to the rela- 
tively high temperature required to produce the iron spectrum in 

1 Science, 60, 249, 1924. 
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the red, they are seldom below Class III. The absence of the band 
spectrum from the high-current arc is notable throughout this region, 
especially near \ 6000. 

Plate XI shows in its upper section the magnesium lines, \\ 4481, 
4571, 4703, these being an enhanced line, and low- and high- 
temperature lines, respectively. Their features are described on 
page 24. The lower section gives some high-temperature lines of 
copper, with large displacements toward the red. The reversal of 
d 4275 is in the position of the narrow arc line shown just above it. 


Mount WILSON OBSERVATORY 
June 1925 
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RADIATION MEASUREMENTS OF THE SOLAR CORONA 
JANUARY 24, 1925 


By EDISON PETTIT ann SETH B. NICHOLSON 


ABSTRACT 


Intensity and spectral distribution of the coronal radiation —A vacuum thermocouple 
with a rock-salt window was placed at the focus of a 50.5-cm mirror of ror-cm focal 
length. Measurements were made differentially between two points in the corona 4/6 
from the east and west limbs of the moon and the moon itself. The mean intensity 
of the coronal radiation at these points was found to be 5.40X10~7 of sunlight. By 
means of a water-cell and thin fe plate it was found (1) that the corona radiates 
slightly more energy on the violet side of 1.3 « than the sun does, and (2) that the radia- 
tion of wave-length greater than 5.5 u is inappreciable. 

Photometry of the corona.—The corona was photographed on plates provided with 
standard photometric squares. Two exposures were made upon Seed 30 plates without 
filter, and one upon an Ilford “Special Rapid Panchromatic” plate with red filter, 
These plates were rotated beneath the slit of the registering microphotometer, which, 
beginning at the limb, recorded the transmission curves of contiguous zones about the 
moon. These curves gave the mean intensity for each zone in arbitrary units. A similar 
record of the zone through the points occupied by the thermocouple junctions of the 
radiation apparatus, combined with the radiometric measures at these points, furnished 
a calibration by means of which the mean intensity in each zone could be expressed in 
absolute units. The summation of the zone intensities from the Seed 30 plates gave for 
the intensity of the whole corona 10. 1X 10~7 times sunlight, while 10.7 10~7 sunlight 
was found from an Ilford plate with red filter. The introduction of the solar constant 
gave for the coronal radiation 19.3 X10~7 cal. cm? min,—*. The ratio of the observed 
coronal light to full-moon light was 0.47. 

Distribution of energy in the corona.—The corrections for scattering of the coronal 
light and halation in the plate were found from transmission curves taken radially 
across the moon and the edges of the plate. These corrections were applied to the zone 
intensities. From the corrected intensities, it was found: (1) that the intensity in the 
polar region is less than half that in the equatorial region, (2) the intensity of a point in 
the corona as derived from Seed 30 plates varies inversely with the sixth power of its 
distance from the center of the sun, (3) the ratio of blue light to red light varies 
directly with the distance from the center of the sun, (4) the correcting factor for over- 
lapping moon varies with the fourth power of the ratio of the apparent radius of the 
moon to the apparent radius of the sun. 

Radiation from the whole corona.—When corrected for overlapping moon the radia- 
tion from the whole corona is 21.410~—7 cal. cm-? min.—, or 0.52 full-moon light. 
Comparison with photo-electric cell measures gives some evidence that the intensity 
of the coronal light varies with the solar constant, but with a greater amplitude. 

Observation of the corona without an eclipse-—The intensity of scattered light about 
the image of the sun in optical instruments is at least one hundred times greater than 
the maximum allowable for detecting the corona without an eclipse by any radiation 
method. 


The radiation from the corona was measured with the vacuum 
thermocouple at Middletown, Connecticut, during the eclipse of 
January 24,1925. Briefly, the plan was (1) to determine the amount 
and spectral distribution of the radiation from a small area of the 
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corona with a suitable thermocouple attached to a reflecting tele- 
scope and (2) to determine the distribution of energy in the corona 
by photographic photometry. The results from (1), combined with 
(2), would then give the total amount of radiation emitted by the 
corona, expressed in absolute units. 

Measurements of the coronal radiation have previously been 
made by Abbot, during the eclipses of May 28, 1900, at Wadesboro, 
North Carolina, and of January 8, 1908,? at Flint Island. Abbot used 
a bolometer with a glass window, attached to a telescope of 50.5-cm 
aperture and roo-cm focal length. Only one strip of the bolometer 
was exposed to the radiation, the deflections being produced by 
means of a shutter. A screen consisting of an asphaltum-coated glass 
plate was used to filter out the visual light, thus leaving only the 
infra-red radiation. Abbot found that the spectral distribution of 
radiation in the regions measured was nearly the same as, though 
slightly redder than, that of light from the center of the sun’s image, 
and that the brightness of the inner corona equaled that of lunar 
radiation transmitted by glass. 


THE APPARATUS 


The telescope and auxiliary equipment employed at the eclipse of 
January 24, 1925, are illustrated in Plate XII. The whole apparatus 
was set up in the basement of the Scott Physical Laboratory of 
Wesleyan University, through the kind invitation of W. G. Cady, in 
charge of the laboratory, who placed at our disposal the many con- 
veniences and the equipment of the institution. The telescope 
carried the 50.5-cm mirror used by Abbot at Flint Island in 1908, 
which was kindly placed at our disposal by him. The figure of the 
mirror in the meantime has been slightly altered, however, its focal 
length now being ror cm, so that the image of the moon at the time 
of the eclipse was 9.79 mm in diameter. 

The thermocouple and transmission cells were mounted at A 
(Plate XII), directly in the principal focus of the mirror. The thermo- 
couple was provided with a rock-salt window to permit the measure- 
ment of all radiations reflected by the mirror of the telescope. It 


t Astrophysical Journal, 12, 69, 1900. 
2 Smithsonian Miscellaneous Collections, 52, Part I, 31, 1908. 
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had two junctions 0.76 mm square, separated 5 mm, a distance about 
equal to the radius of the moon’s image formed by the mirror at the 
time of the eclipse. 

The reticule in the guiding telescope B contained three threads, 
one parallel to the diurnal motion of the telescope and two others, 
one fixed and one movable, intersecting the first thread at right 
angles, and so spaced that their angular separation in the field of the 
finder was the same as that of the junctions of the thermocouple in 
the field of the reflector. The adjustment was such that when the 
telescope was shifted in right ascension so that a star seen in the 
guiding telescope moved from one intersection to the other, the 
image formed by the reflector moved from one thermocouple junc- 
tion to the other. During the eclipse one limb of the moon was set 
on a speck of dust near the movable wire, and at the signal for shift 
the other limb was set at an equal distance from the fixed wire. This 
caused the junctions to be set alternately on the corona at two points 
4/6 from the east and west points of the limb of the moon, while the 
opposing junction was on the moon 12‘, inside the limb. 

Two transmission cells were provided to study the spectral dis- 
tribution of the energy in the corona. One of these was a water-cell 
rcm thick, the other a microscope cover-glass 0.165 mm thick. 
Their transmission curves have already been given.’ These cells 
could be interposed into the beam from the 50.5-cm mirror by turn- 
ing the lever C. The insertion of the water-cell increased the effec- 
tive focal length of the mirror about 2.5 mm. This was compen- 
sated by giving the lever D a quarter-turn, which moved the thermo- 
couple and cells away from the mirror just the proper amount. 

The telescope was set close to a window which was provided 
with a shutter, hinged at the lower casing. The purpose of the shutter 
was to prevent sunlight from striking the mirror, as the intense 
image would have melted the thermocouple instantly and set fire to 
its insulation. At the signal for totality, the shutter was thrown open, 
and closed again a few seconds before the end of totality. While pro- 
tecting the mirror of the telescope, the shutter did not cover the 
guiding telescope, which was set upon the moon before the eclipse 


t Mt. Wilson Contr., No. 246; Astrophysical Journal, 56, 312, 1922; Publications of 
the Astronomical Society of the Pacific, 35, 195, 1923; Popular Astronomy, 32, 602, 1924. 
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began. The tube of the telescope was covered with heavy black 
paper, which extended about 50 cm beyond the end of the skeleton 
frame in order to protect the thermocouple, as far as possible, from 
drafts and stray radiation. A twisted lamp-cord W conveyed the 
current produced by the thermocouple at A to the galvanometers set 
up in an adjacent room. 

Two Leeds and Northrup high-sensitivity D’Arsonval galva- 
nometers were provided, having periods of five and one seconds, 
respectively. These were arranged on a pier so that, with the aid of 
fixed mirrors, an image of the filament of a 100-watt lamp L was cast 
by each upon the double slit of the photographic registering device 
R ata scale distance of 7.5 m. By means of a switch, either galva- 
nometer could be put into the thermocouple circuit in series with 
a resistance box. 

Observations of the radiation from the moon indicated that the 
one-second galvanometer without additional resistance in the circuit 
would probably be sufficiently sensitive, and this arrangement was 
used during the eclipse. Had the sensitivity been too great, it could 
have been decreased by pulling plugs out of the resistance box, or 
had it been too small, the five-second galvanometer, the sensitivity 
of which was six times greater, could have been put into the circuit 
with little loss of time. . 

Observations of the radiation from a lamp showed that with the 
thermocouple used, the one-second galvanometer came to full deflec- 
tion in seven seconds. A clock-driven electric contact K was then 
arranged to give signals at the telescope at intervals of seven sec- 
onds, at each of which the observer shifted the telescope by means 
of the right ascension slow motion handle 7, so that the corona and 
the center of the moon interchanged places on the junctions of the 
thermocouple. A marker placed on the screw of the registering de- 
vice indicated when the cells should be thrown into the beam from 
the telescope, and this was signaled by a buzzer. 

The photometric device consisted of a 6-in. Ross doublet of 15-ft. 
focal length, fed by a coelostat with a 6-in. pyrex mirror.? Three 
plates were exposed, two Seed 30 without filter and an Ilford “‘Spe- 

* Journal of the Optical Society of America, 10, 267, 1925. . 

2 Mt. Wilson Contr., No. 266; Astrophysical Journal, 58, 208, 1923. 
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cial Rapid Panchromatic” with Eastman “F”’ filter, which transmits 
only wave-lengths longer than 6100 A. Photometric squares were 
exposed along the end of each plate by the usual method of varying 
the distance of the plate from an electric light operated from a stor- 
age battery. The energy ratios for these squares computed from the 
inverse square law are represented by the numbers 1.000, 0.444, 
0.250, O.III, 0.062, 0.028, ando.o20. During the eclipse, exposures of 
two seconds and fifteen seconds, respectively, were given to the two 
Seed 30 plates, and an exposure of seventy-three seconds to the 
Ilford plate with red filter. 


ECLIPSE CONDITIONS 


The mild weather prevailing during the two preceding weeks 
turned suddenly cold the day before the eclipse, the thermometer in- 
dicating a temperature of about —8°F., a condition which con- 
tinued until after the eclipse. The water-cell froze and broke, but 
was repaired and refilled with saturated salt water. A series of ob- 
servations on the transmission of sunlight by the cell filled first with 
salt water and then with distilled water revealed no measurable 
difference. The coelostat-operating the Ross lens ran somewhat 
slowly, but this did not affect the short exposures, although its 
effect was quite noticeable on the Ilford plate. The driving clock of 
the 50.5-cm reflector ran very satisfactorily. 

On the morning of the eclipse, the sky clouded suddenly about 
6:00 A.M. and remained so until nearly 8:00 A.M., when the clouds 
began to break away. By 9:00 A.M. the sky was clear, save for a 
bank of haze in the east, and during the eclipse (9:12 A.M.) the sky 
was quite clear in the neighborhood of the sun. 

Although excellent definition was not necessary, the windows of 
the laboratory-room where the telescope and coelostat were located 
were opened about forty minutes before totality, so that the room 
might come to outside temperature. 


DISTRIBUTION OF ENERGY IN THE CORONAL RADIATION 


During totality, five deflections were obtained for the free radia- 
tion, that is, without transmission cells, and four each for the radi- 
ation transmitted by the salt-water cell and microscope cover-glass. 
One deflection obtained with each of the cells was rejected, these 


331 ~ 


6 EDISON PETTIT AND SETH B. NICHOLSON 


being obviously defective, as shown by the form of the curve on the 
plate. The deflections were measured on a suitable comparator’ and 
gave the following results: 


Millimeters 
EEG ae Rear eae aerate rae 65.4 
Watercells cans aaet nas 47.1 (1) 
@over-plasses wa0 sees cere 61.4 


On account of the shadow cast by a part of the water-cell mech- 
anism, the deflections for the free radiation from the corona have 
been multiplied by a small factor which increased the observed value 
from 65.2 to 65.4 mm. These are the only deflections requiring this 
correction. 

In order to compare the coronal light with integrated sunlight, 
a small auxiliary mirror of 47.7-mm diameter and 40.5-mm focal 
length was placed centrally over the 50.5-cm mirror of the telescope, 
the latter being covered. Under these circumstances, the sunlight 
intercepted by the small mirror was spread over a circle 115 cm in 
diameter at the thermocouple. The distribution of the radiation 
over the segment of the spherical surface illuminated by this mirror, 
its focus being at the center and the thermocouple at the surface of 
the sphere, was investigated and found to be essentially uniform, al- 
though this is not always true for small spherical mirrors of short 
focal length. The distance from the thermocouple to the focus of the 
mirror being 88.5 cm, it is easily shown that the reduction factor of 
the mirror is 22.07 X 1074 times direct sunlight. 

The measures of integrated sunlight were made when the sun had 
nearly the same altitude, 17°40’, that it had during the eclipse. The 
deflections were obtained by placing a diaphragm over the thermo- 
couple which exposed one junction only and then rotating the mirror 
between fixed stops about an axis perpendicular to its optical axis. 
The logarithms of the deflections were plotted against air-mass, and 
the value for air-mass 3.29 (that for the sun at eclipse time) was 
read from the plot. The deflections thus obtained were as follows: 


Millimeters 
Rree tome aeteetonrerine iy pie 
Water-cells, ye averse core 40.8 (2) 
Coversglass, 5 ccsicceimiae 56.2 


* Journal of the Optical Society of America, 10, 267, 1925. 
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Since double deflections were observed in the case of the corona, 
these values for integrated sunlight must be multiplied by 2 in 
computing the amount of energy radiated by the corona. 

The moon was observed on January 21 at 6:15 and 6:30 A.M, 
the phase-angle being then 136°3. It was not possible to observe 
nearer full moon on account of the limits in hour-angle set by the 
window in the room where the telescope was placed. The deflections 
were made by setting the junctions each in turn upon the apparent 
center of the crescent. The logarithms of the deflections were plotted 
against air-mass, and the values corresponding to the sun’s air-mass 
at eclipse time were obtained from these plots. The resulting deflec- 
tions are: 


Millimeters 
LCOS ooh acta oie feel art as 183.5 
Water-cellin emetic en 21.1 (3) 
Wovercelissiee: sass 5 me ora 


The results (1), (2), and (3) give the transmissions shown in 
Table I. This table shows that while the spectral distribution of 


TABLE I 


PERCENTAGE DISTRIBUTION OF ENERGY 


O.3M-I.3 mM] 1.3 4-5-5 mh 8 y-I4 py 


Corona ins teach cree ton so 77.6 22.4 0.0 
SUM Geer hrs okron at tele = tan qL.4 28.6 0.0 
Moon (crescent)........... 12.5 6.6 80.9 


coronal radiation is very much like that of sunlight, the corona emits 
a little more radiation on the violet side of 1.3 w than does the sun. 
The difference, however, is relatively small and will require data 
from future eclipses to determine its value accurately. 

Abbot,' at Flint Island, observed two points on either side of the 
sun, situated 4’ from the limb, a distance nearly the same as that of 
the points observed by us. One of these showed more radiation to 
the red of x w and the other more to the violet of 1 uw than the sun. 
Whether these results, as compared with those obtained by us, indi- 
cate real differences in the corona or instrumental difficulties it is 
naturally impossible to decide. 


t Smithsonian Miscellaneous Collections, 52, Part I, 43, 1908. 


333 


8 EDISON PETTIT AND SETH B. NICHOLSON 


From inspection of Table I it is patent, however, that there is no 
long-wave radiation beyond 5.5 uw. In future radiation measurements 
on the corona, glass or quartz windows can therefore be used on the 
measuring apparatus. 


INTENSITY OF THE CORONAL RADIATION COMPARED 
WITH SUNLIGHT 


We may compare the intensity of the coronal radiation or “sur- 
face brightness” of the corona at the points where the thermocouple 
junctions were placed with the intensity of direct sunlight by com- 
bining the data given under (1) and (2). 

If, in making the observations on direct sunlight, the 50.5-cm 
mirror had been used with a diaphragm over it, having an aperture 
equal to the diameter of the image of the sun, and if the radiation 
were distributed uniformly over this image, the deflections ob- 
served would have been the same as those obtained on direct sun- 
light. The effect, then, of using the 50.5-cm mirror is to increase the 
deflections in the ratio of the exposed area of this mirror (1706 cm?) 
to the area of the image of the sun (0.7156 cm’). The ratio of the in- 
tensity of direct sunlight to the intensity of the image formed by the 
mirror is therefore 41.95 X1075. Since the direct sunlight was 
weakened by spreading it over a large area by means of the small 
auxiliary mirror, this value must be multiplied by 22.07 X 1074, as 
has already been pointed out. This gives a total reduction factor of 
9.261077 to be used in comparing the deflections obtained from 
sunlight with those obtained from the corona. 

The values of the deflections themselves from (1) and (2) are 
65.4 mm for the free radiation from the corona and 114.5 mm for 
the free radiation from the sun, the latter including the factor 2 
necessary to reduce to double deflections. From these data, we find 
that the ratio of the intensity of the coronal radiation to direct sun- 
light is 5.29 X 1077. 

A correction must be applied to this quantity to allow for the 
fact that the cold receiver on the image of the moon received some 
energy from the corona scattered by our atmosphere and the tele- 
scope. The observed value is therefore too small, and from the inves- 
tigation of the scattered light discussed later, it appears that the 
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foregoing ratio should be increased by 2 per cent. The corrected 
value is therefore 5.40 X 1077. 

From his observations at Flint Island in 1908, Abbot obtained 
the value 41077 for the ratio of the radiation from points in the 
corona 4’ from the moon’s limb and in position angle 50° from the 
east and west points to that of sunlight. In making his comparisons, 
he used the 50.5-cm mirror with a small diaphragm so that the bo- 
lometer was set on an image of the sun. We determined the ratio of 
the intensity at the center of such an image to the mean intensity 
over it from drift curves made with a large image in the Pasadena 
Laboratory and found it to be 1.16. This must be applied as a factor 
to Abbot’s value to make it comparable with that obtained by us. 
His result is therefore 4.6X10~7 for a point 4’ from the moon’s 
limb, while our value is 5.40 X10~? for a point 4'6 from the moon’s 
limb. Abbot’s observations were made at the time of sun-spot 
maximum so that the corona was more uniformly distributed about 
the sun, while we observed near the east and west limbs of the sun 
at the time of sun-spot minimum, which will account for our some- 
what greater value. 

PHOTOMETRY OF THE CORONA 

Plates XIII, XIV, and XV show the photographs of the corona 
made with the Ross lens. The first two are exposures of two seconds 
and fifteen seconds, respectively, on Seed 30 plates without filter, 
while Plate XV is an exposure of seventy-three seconds on an Ilford 
plate with red filter, the positive used for reproduction being shaded 
to bring out the detail of the inner corona. Plate XVI is from the 
same negative as Plate XV, but is reproduced without shading. 
The much greater contrast in Plates XV and XVI is striking. 

These plates were placed successively on the registering micro- 
photometer," and series of deflections were recorded for each photo- 
metric square and for the unexposed strip. From these data a table 
was made giving the intensities corresponding to any deflection of 
the galvanometer of the microphotometer in terms of the intensity 
of the light which formed the densest square. 


* Mt. Wilson Contr., No. 246; Astrophysical Journal, 56, 314, 1922; Journal of the 
Optical Society of America, 7, 187, 1923. 
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The plates were then placed on a turntable which could be ro- 
tated beneath the photometer-microscope so that the slit, set per- 
pendicularly to the moon’s limb, described zones in the corona con- 
centric with the image of the moon. The width of the zones was 
0.16 solar radii, which was the length of a side of the square receiver 
of the thermocouple when projected upon the image of the sun in the 
field of the 50.5-cm mirror at the time of the eclipse. 

Beginning at the limb, these zones were run contiguously. The 
upper part of Figure 1 shows a set of transmission curves obtained in 
this manner on the sixth, seventh, eighth, ninth, and tenth zones of 
the fifteen-second exposure. The scale of position-angles shown at 
the top of the figure was obtained with the aid of breaks made in 
each curve as the north point of the moon passed the photometer 
slit. The principal features of the corona can be traced in these curves 
by comparing the indicated position-angles (measured from the 
north toward the east) with Plates XIII, XIV, and XV. A trans- 
mission curve was also run with the photometer slit set in zone 2.33, 
the same as that occupied by the thermocouple junction during the 
eclipse. This we shall call the ‘‘standard-plate curve.” 

To translate the transmission curves into curves of intensity, 
deflections (ordinates) were read with the measuring machine for 
each 2 mm of abscissa. The intensities were then derived from the 
table of intensity against galvanometer deflection. Three sych 
curves are shown in the lower part of Figure 1, two for the third 
and one for the eighth zone. The ordinates of these intensity curves 
are on an arbitrary scale and have had the correction for general sky- 
illumination subtracted from them, the constant for which was ob- 
tained from the study of the distribution of energy in the corona. It 
is evident that the intensity of the coronal radiation in the equa- 
torial regions is more than twice that in the polar regions. 

To find the mean intensity in each zone in terms of the intensity 
of the light which formed the densest square, the deflection curves 
were laid on co-ordinate paper, from which were read the mean 
ordinates for intervals of 5 mm, the corresponding intensities being 
taken from the table as before. The mean of these intensities for 
each curve is the mean intensity in the corresponding zone. 
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PLATE XII 


SOLAR CORONA OF JANUARY 24, 1925 


Exposure of 2 seconds on a Seed 30 plate. Position of the sun’s pole is 9° west of north 
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PLATE XIV 


N 


SOLAR CORONA OF JANUARY 24, 1925 


Exposure of 15 seconds on a Seed 30 plate. Position of the sun’s pole is 9° west of north 


PLATE XV 


N 


SOLAR CORONA OF JANUARY 24, 1925 


Exposure of 73 seconds on an Ilford Panchromatic plate used with a red filter. The posi- 
tive used for reproduction has been shaded to bring out the detail of the inner corona. The 
position of the sun’s pole is 9° west of north. 
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PLATE XVI 


N 


SOLAR CORONA OF JANUARY 24, 1925 


The positive used for reproduction was made from the same negative as Plate XV, but without 
shading. 
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RADIATION OF SOLAR CORONA II 
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Streamer NW — 


: pet FO ORG —45'--90) 45 == 4445 490 y 
ORFS RR ad? 2 en | S : 
Fic. 1.—Transmission curves (above) for 15-second exposure on the corona (Plate 
XIV), showing variations in density with position angle for zones 6 to 10. The corre- 
sponding intensity curves for the third (73-second and 15-second exposures) and eighth 
(15-second) zones are shown below against a scale of latitudes. 
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BRIGHTNESS OF THE CORONA COMPARED WITH THE SUN 
AND THE FULL MOON 


Before we can compare the brightness of the corona with that of 
the sun and moon, we must correct the measured intensities for 
general scattered light over the sky, most of which probably comes 
from sources outside the corona itself. This correction was taken to 
be equal to the mean intensity of the background of the plate meas- 
ured at its four edges. This was found to be —o.040 on the two- 


TABLE II 


Mean INTENSITY FOR DIFFERENT ZONES OF THE CORONA CORRECTED 
FOR GENERAL Sky-ILLUMINATION AND HALATION 


Intensity, J, SEED 30 emeaye 


MEAN eS ee ee 
ZONE NUMBER DARTS AREA, A IA ty, J, IA 


2-Sec. 15-Sec. Mean TLrorp 

Temas atone tease a's E.IT | 0.355 |/0..505 ||05546) ||0.5709|| 0.202.| On Snsiionzoo) 
BM anes scree a 2y 40 22 . 200 . 248 100 277 112 
A Nae al che ab angicke I. 43 458 III .137 .124 057 126 058 
Apna s aiete Sia ers 1.59 509 063 .068 .066 033 065 033 
B sie fda eipigigeis inte yh 560 039 .O4I . O40 022 O31 O17 
Op ars woos I.g1 611 027 2027) oy o16 o16 fos Ke) 
PI tes ere sss sande aha 2.07 662 O19 .O17 .o18 O12 008 005 
Dine alagiar «sess 2.23 714 O15 . O12 . O14 fo} Ke) 006 004 
Orenstein oe 2.30 76 o10 | .009 | .o10 008 004*| .003 
Oster bi tic etcvccnetsse 2o5e 816 | 0.006 .007 007 006 002* 002 
Liters pons eitcenGrs 2775 A OOM \leerenaeee . 005 .005 . 004 .oo1r* Oor 
ee eae See 2.87 SOLON eeereten .004*} .004 | .004 | .oor*| oor 
EG hotctcs Macro Bs039 10.070) seemee 0.003 | 0.003 | 0.003 | 0.001%] 0.00r 

2LIA=0.477 0. 536 


* Computed from the seventh-power law (see Table IV). 


second exposure, —0.020 on the fifteen-second exposure, and prac- 
tically zero for the seventy-three-second plate taken through the red 
filter. That the correction for the two-second exposure is greater 
than that for the fifteen-second is probably due to the fact that it 
was taken immediately after second contact. The shadow had 
therefore just passed the observing station, and the sky was illumi- 
nated more strongly from without the shadow than during the 
fifteen-second exposure, which was taken later. In the case of the 
plate taken through the red filter, the scattering in those wave- 
lengths affecting the plate would naturally be very small. 

A second correction must be applied to each zone because of 
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halation. The values of this correction will be found in Table III, 
which was derived from a study of the law of scattering. 

Applying these corrections to the observed intensities, we have 
the corrected intensities in the various zones for the three plates 
shown in Table II. The second and third columns give the mean 
radius and area of each zone in terms of the radius and area of the 
sun; the fourth, fifth, and sixth columns give the mean intensities 
in the zones obtained from the two Seed 30 plates and the mean for 
the two plates, while the eighth column gives similar data for the 
Ilford plate with red filter. 

If we let J be the mean intensity in a zone, J, the average of the 
two intensities at the east and west points on the standard-plate 
curve (the intensities at the two points in the corona occupied by 
the thermocouple junctions), and A the area of the zone in terms of 
the area of the sun, the total energy of the corona, E, in terms of 
sunlight is given by 


.40X107~727A 


The values of JA found from the Seed 30 plates, and their sum, 
are given in the seventh column of Table II, while similar data for 
the Ilford plate are in the ninth column. For the Seed 30 plates, 
I, was found to be 0.256, and for the Ilford plate, 0.271. 

Substituting these values into equation (4), we find that the in- 
tensity of the coronal light in terms of the light from the sun is 
10.1 X10~7 for the Seed 30 plates, and 10.7 X1077 for the Ilford 
plate with red filter. Since these values are in good agreement, it 
appears that we are justified in applying the measurements of radia- 
tion with the thermocouple, which cover all wave-lengths emitted 
by the corona, to the photometric observations, which cover limited 
regions in the violet and red, respectively. Since, however, the Seed 
30 plates cover a range of wave-length which is greater than that 
covered by the Ilford plates and is also nearer the region of maximum 
solar radiation, we shall adopt the value 10.1 X1077 in preference 
to the mean of the two results, as more nearly representing the 
energy measured by the thermocouple. 

Since the radiation from the corona appears to have nearly the 
same spectral energy characteristics as sunlight, its absorption fac- 
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tors for the atmosphere will be nearly the same; hence we may apply 
the solar constant to the ratio of coronal light to sunlight to obtain 
the radiation of the corona outside the atmosphere. While no meas- 
urements of the solar constant are available for the first of the two 
days on which solar radiation was observed by us, its value has been 
inferred from results furnished by Dr. Abbot for a period of twelve 
days, including the eclipse day. From these data it seems very prob- 
able that the mean value of the solar constant for the two days was 
1.91 cal. cm-? min.~t Applying this to the value of H adopted 
above, we have for the radiation from the corona, the sun being at 
mean distance, 


E=19.3X1077 cal. cm~? min. (5) 


According to Russell,’ the visual light of the full moon is 21.5 X 
10~7 times sunlight, both sun and moon being at mean distance. On 
account of the large number of observations used, which were more 
or less differential, this value should be free from the variability of 
solar radiation. Since the coronal radiation does not differ greatly 
from sunlight in spectral distribution, and since both corona and 
sun were observed at the same distance, the ratio of the coronal 
light to the light of the full moon at mean distance, for the visual 
region of the spectrum, is 


Corona _ 10.1X1077 _ 
Full moon 21.5X1077 


OAT. (6) 


This agrees as well as can be expected with the provisional value 0.5 
obtained visually by Professor Parkhurst? with an adaptation of the 
Hartmann microphotometer at this same eclipse. 

At the eclipse of September 20, 1922, Briggs? determined the 
ratio of the brightness of the corona to the full moon, using two 
photo-electric cells. The values given by him are not reduced to 
mean distance, and since his comparisons were made at apogee, they 
are subject to a correcting factor of 1.11. It is also evident that the 


t Astrophysical Journal, 43, 125, 1916. 


? Publications of the Astronomical Society of the Pacific, 37, 85, 1925. 
3 Astrophysical Journal, 60, 280, 1924. 
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first two mean intensities given in the sixth column of Table III of 
his paper should be reduced to full phase, and further, that the mean 
of the three determinations would probably give a better standard 
than the last value alone. Using the data given by Russell* to cor- 
rect to full phase, and applying the factors 0.981 and 0.967 to reduce 
them to the distance of the sun at eclipse time, we find from Briggs’s 
observation that the values of the brightness of the moon at ‘‘no 
atmosphere” are 2.19, 2.13, and 2.18 candle-meters. If we adopt the 
mean of these, 2.17, the value for the moon at mean distance would 
be 2.41 candle-meters and the mean of Briggs’s six determinations 
for the ratio of the corona to the full moon at that eclipse becomes 
6.23. 

Kunz and Stebbins,’ observing with the photo-electric cell, ob- 
tained the value o.50 at the eclipse of June 8, 1918. 

At least a portion of the differences between these results can be 
accounted for by the overlapping of the moon on the inner corona. 
In order to examine this effect it will be necessary to determine the 
law of radial distribution of energy within the corona. 


DISTRIBUTION OF ENERGY IN THE CORONA 


In studying the distribution of energy in the corona, it is neces- 
sary to correct the observed intensities for scattered light originating 
in the corona itself and also in the film of the plate in the form of 
halation. To determine these corrections, transmission curves were 
registered diametrically across the moon’s image in position-angles 
o° and go°. Deflections were also registered for the transmission at 
the edge of the plate where the general sky-fog alone was effective. 

The amount of scattered light on a given region of the image is 
evidently not constant, as Bergstrand’ and others have assumed, but 
is greater over the brighter parts than over the fainter regions. To 
find the law of distribution of the light scattered from the corona, it 
was first assumed that the density at the edges of the plate is wholly 
due to general sky-illumination not originating in the corona. The 
intensity represented by this density was then subtracted from all 

t [bid., 43, 125, 1916. 2 Thid., 49, 151, 1919. 

3 Etudes sur la Distribution de la Lumiére dans la Couronne Solaire (Stockholm, 
I9IQ), p. 28. 
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other measured intensities. It was then assumed that the effects of 
halation did not extend beyond 6 mm from the image of the limb of 
the moon. The remaining intensities across the moon were taken 
to represent light scattered from the corona. 

The problem which then presented itself is analogous to that 
arising in the study of the law of radiation along a diameter of the 
sun. From observations made with the 150-ft. tower telescope it 
was found that the light scattered from the sun upon any point 


TABLE III 


CORRECTIONS FOR SCATTERED CORONAL LIGHT 
AND HALATION 


SEED 30 


ZONE ItrorpD 
NUMBER H 
C H 

Bats eats stare tor 0.032 0.025 ©. 100 
Dre vetn oie oka oi eits .027 .OIL O15 
B laretals aeteietn es FOL7. . 004 0.000 
A wotecctettehee nes .O12 O02; All's siccereuersdeetchars 
i ore ers areretanet . 009 O:000r ail rratasteuter ete 
ORF ee seas OOO 9 "ets ceveteretecere etetal | sunrerceotevore’s rotate 
UIA NC OA | 4 Nickie enacts eict ole sl one suenaxaterotormahe 
Biro atere nine oes OORT Saree uae: ore |otereto sta emeteere 
Oatenavian ovine SOO. | evlete erctetesste ouete lesomirete teeters 
VOW aero 5 O04 Sate etacecereern ta] op amerevel arene erat 
Mena Arai tee BOOBS OU cd ctate fe ve aveuauanel | arsvepercta elereerers 
Ear arcrarcueae ane FOOS'S — [atacardis tote cohctette ell ommtake etoueteie eters 
TAU eiele ta tetarets OF'OOZ? V0 | a revate, oles: aive aie)| Merohekoeete take eters 


outside the limb where this law can be tested is represented by 
assuming that the amount contributed by any small area of the disk 
to any other small area may be expressed by the empirical formula: 


AC="4Z- (7) 


As applied to the corona, AC is the amount of light scattered from a 
small area AA, at a distance r. The constants k and Z were varied 
until the amount of scattered light calculated by the integration of 
equation (7) agreed as well as possible with that observed over the 
region of the moon not affected by halation. With the intensity of 
the light producing the densest square as unity, the corrections for 
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points situated in the middle of each zone arising from scattered 
light from the whole corona are as given in Table III. The correc- 
tion H for halation, found by subtracting the intensities of the 
scattered light across the moon from the total intensities, is also 
given in Table III. 

Table IV shows the resulting mean intensities in the various 
zones for each plate, corrected for scattered light and halation by 
Table III, and also for general sky-illumination as in Table II. 

TABLE IV 


MEAN INTENSITY FOR DIFFERENT ZONES OF THE CORONA CORRECTED FOR 
GENERAL Sxky-ILLuMINATION, HALATION, AND SCATTERED 
Corona LIGHT 


I, SEED 30 PLATES, A=4500 A I, Inrorp, \=6500 A 
Zone NUMBER et 

2-Sec t5-Sec. |Mean Obs.} Comp Obs Comp 
Bree rls era toner o 0508) 0% sas if 0. 563 O75T4) 210.535 | 07502 0. 815 0. 781 
Oa OIE 1.27 201 242 om 223 277 304 
SD ave iayatiovane e600) 1.43 004 20° | «107 109 126 131 
7M a toe Gar Ao DOO I.59 O51 056 .054 058 065 063 
ie me ern E75 030 032 . O31 033 O31 032 
Oya Aete ecu ere I.gI O21 O21 .O21 fos ae) o16 OL7 
Miao rorstatce: sts chee. ZA KO O15 O13 O14 O12 008 oO1o 
Samet neues Too Pea Fe} OIL 008 . O10 007 006 006 
(J epeete ees eid wets ey 2.39 006 005 .006 OO SI at waiters 004. 
MON ote felain) siataahevers 2.55 0.002 003 . 003 GOS Wi liscaecauers wie 002 
Taree Peak eestor cas DTG | sencere tars 5 OOr . OOI ovo) ad Ener cr OOr 
Tee veverate ein ianehs aaeehe lec spuniete oor .OOI OOD Wl cteverercars OOr 
I a OO ear OSG ears cee ©. O00) :0,1000) || /OF00E.” | emeniar ©. OOI 


As before, the mean radius of each zone is expressed in terms of 
the sun’s radius. The fifth column gives the mean intensity as deter- 
mined from the two Seed 30 plates, and the sixth column the corres- 
ponding intensities calculated from 
==) (8) 
where J is the mean intensity at any point in the corona situated a 
distance of R solar radii from the center of the sun, and where J>= 
0.920 is the intensity at the limb of the sun. The seventh column 
gives the mean intensities derived from the Ilford plate with red 
filter, and the eighth column, values computed from 


Io 
L=2; 5 (9) 


I 
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where J>=1.581. The data from Table IV are plotted in Figure 2, 
the abscissae being distances from the center of the sun in solar 
radii, and the ordinates, the energy in units of the light which pro- 
duced the densest square. The circles represent the observed in- 
tensities from the Seed 30 plates, and the full-line curve those cal- 
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2.2 2.6 3-0 Radii 
Fic. 2.—Variation of mean intensity of corona with distance from the sun’s center. 


Circles represent measures on Seed 30 plates; crosses, measures on the Ilford panchro- 
matic plate exposed with red filter. 


culated from the inverse sixth-power formula (8). The crosses indi- 
cate the observed intensities from the Ilford plate with red filter, 
while the dotted curve represents the inverse seventh-power formula 
(9). 

If we correct the value of J, used in equation (4) for scattered 
light (0.024) by Table III and use the value of the solar constant 
reduced to mean distance, the energy emitted from a square minute 
of arc of the corona at mean distance may be obtained from equa- 
tion (8) by using the constant J,=0.050 1077 cal. cm-? min.-? 
For equation (9), Jo=0.073 X1077 cal. cm~? min.-? 
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Since the intensity of the blue light (A 4500) varies inversely 
with the sixth power of the distance from the sun’s center, and of the 
red light (A 6500) inversely with the seventh power, it follows that 
the ratio of blue light to red light varies directly with the distance 
from the sun’s center. In other words, the corona becomes bluer as we 
go outward from the sun, or redder as the sun’s limb is approached. 
This is not what we should expect from an atmosphere of incan- 
descent particles around the sun, since the temperature of the par- 
ticles should increase toward the sun, thus causing the proportion of 
blue radiation to increase in the opposite manner to that observed. 
Molecular scattering of sunlight or luminescence from electrical 
discharges would probably produce effects in accord with what we 
find. 

Both Turner* and Schwarzchild* have deduced the inverse sixth- 
power law from photographic observations, although others’ have 
obtained formulae ranging from the inverse square to the inverse 
eighth power, with modifications of the origin of co-ordinates. In 
discussion of observations with the photo-electric cell, probably the 
inverse sixth-power should be used; but for visual light, a slightly 
higher power should be applied, although the effect on the results 
will be small, quite beyond the accuracy of the determinations. 
Since the maximum of solar energy lies in the region of wave-lengths 
covered by the Seed 30 plates, the inverse sixth-power law is adopted 
for the following discussion, which relates to the measures of total 
radiation with the thermocouple. 

We may express the energy emitted by that portion of the corona 
projecting beyond a disk of radius 7 concentric with the sun by the 


integral 
am ce) 
E=1,{ if Eee ae 


The value of this integral is 


tl 
Sao eet ar EE 
ar4 (rz) 
At the time of eclipse, a square solar radius equaled 830 square 
t Popular Astronomy, 14, 548, 1906. 
2 Astronomische Mitteilungen der Kéniglichen Sternwarte zu Gottingen, 13, 1906. 
3 Mitchell, Eclipses of the Sun, p. 342. 
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minutes of arc. Using I,.=0.050 X10~7 cal. cm~? min.—* per square 
minute of arc and r=1, we find 


E=26.0% 10—" cal, ‘cme? minves (12) 


This is the radiation outside the earth’s atmosphere for the whole 
corona at mean distance. We must correct the value of # obtained 
in equation (5) for the overlapping of the moon before comparing it 
with equation (12). 

From equation (11) it follows that the factor c, which reduces the 
observed radiation from the corona to its total value, is given by 

4 
oS (=) ’ (13) 

where ¢ is the apparent radius of the sun, and R the apparent radius 
of the overlapping moon as seen from the eclipse station. For 
Middletown, this factor was 1.107. When this factor is applied, the 
value of E from equation (5) becomes 


Bor, 410 7 Cal cm mm, (14) 


which agrees well with equation (12). 
Applying the factor 1.107 to the ratio of coronal light to full- 
moon light given in equation (6) we find 


Whole corona _ 
Full moon 


One (15) 


It is interesting to note in this connection that the maximum cor- 
rection for overlapping moon is 1.38, or 0.35 magnitude, that the 
surface brightness of the corona at the sun’s limb on the equator 
is about 1.4 times as great as the visual brightness of the full moon, 
and that one-half the light of the corona comes from a zone extend- 
ing only 3’ from the limb of the sun. 

The factors which correct the observations of Kunz and Steb- 
bins on June 8, 1918, and of Briggs on September 20, 1922, for over- 
lapping moon are 1.100 and 1.245, respectively. Applying these fac- 
tors, we obtain the results in Table V, which shows the ratios of the 
whole corona to full moon and the radiation emitted in cal. cm~? 
min.—* The last column gives the corresponding solar constant. 
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Probably the material is insufficient to warrant generalizations, but 
Table V suggests that the total light of the corona has not varied 
much during the last seven years at least, and that such variation 
as is shown is in harmony with the variation in the solar constant, 
although of greater amplitude. 


DETECTION OF THE CORONA WITHOUT AN ECLIPSE 


The principal difficulty presented by the problem of detecting 
the corona without an eclipse is not that the amount of energy to 
be measured is itself small, but rather that it has superposed upon 
it the enormously greater illumination near the sun produced by 
scattering in our atmosphere and in the telescope. No measurements 
of this scattered light have been made with the apparatus used at 


TABLE V 


RADIATION FROM THE WHOLE CORONA 


; Whole Corona Radiation Solar Constant 

Eclipse Observers Full Moon |Cal. Cm Min.-+|Cal. Cm Min.- 
June 8, 1918......| Kunz and Stebbins 0.55 22,0 KI0—¢ 1.94 
Sept. 20, 1922:.... Briggs . 41 16.5 XI0—7 1.89 
Nei SAN TO{S eres oe Pettit and Nicholson 0.52 20.4 10-7 I.93 


the eclipse, but observations with the 150-ft. tower telescope under 
the best conditions on Mount Wilson showed that its value at the 
limb of the sun is about 2.5 per cent of the mean over the disk. 
Probably the elimination of the fixed mirror and lens might reduce 
this value to 1.5 per cent. 

Since the scattered light varies less rapidly than the coronal 
light with the distance from the center of the sun, it follows that the 
most advantageous place for measurement is near the limb of the 
sun. Here, the intensity of the coronal light is 1.5 x 10° of the mean 
over the disk. In other words, the scattered light is approximately 
ten thousand times the intensity of the coronal light. 

Suppose, now, that we explore the region about the sun by re- 
volving one junction of a thermocouple at a fixed distance from the 
limb, while the other remains at a fixed point in the orbit of the first 
junction. The variations in the corona are 50 per cent of its intensity 
in the equatorial regions, as may be seen from the intensity curves 
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in Figure 1. Hence, if we assume that the scattered light is constant, 
the total variation in the observed radiation, scattered light plus 
corona, will be one-twenty thousandth (5 X107) of its value. It is 
probable that the changing transmission of the atmosphere, changing 
distance of the thermocouple junction from the limb of the sun due 
to mechanical difficulties, bad seeing, and other sources of error 
would produce, from second to second, variations in the observed 
radiation greater than this value. 

As no measurements of the sky-radiation at the limb of the sun 
free from instrumental scattering are available, it is not possible to 
estimate how small the intensity of the scattered light near the 
sun can be made; hence definite judgment in the matter must be 
deferred until such measurements are at hand. Unless the amount 
of scattering can be reduced to at least 1 per cent of the value as- 
sumed here, there is little hope of detecting the corona without an 
eclipse by any radiometric method, for the distribution of the coronal 
light is, apparently, nearly like that of the sun, so that screens or 
dispersion apparatus will be of no avail. 


CONCLUSIONS 

Our observations show that: 

1. At the eclipse of January 24, 1925, the intensity of the coronal 
radiation at points 4/6 from the east and west points of the moon’s 
limb was 5.40 X 1077 of the integrated solar radiation. 

2. The energy to the violet of 1.3 u is somewhat greater in 
coronal radiation than in sunlight, although the difference is small. 

3. The long-wave radiation in the corona beyond 5.5 u is in- 
appreciable, so that glass or quartz windows may be used on the 
radiation apparatus. 

4. The light from the visible corona was one-millionth (10.1 X 
10~7) as great as sunlight, and 0.47 that of the full moon at mean dis- 
tance. When corrected for overlapping moon, these values become 
I1.2X10~7 and 0.52, respectively, or 21.4 X 1077 cal. cm~? min.-? 

5. There is some evidence that the amount of coronal light varies 
with the solar constant, but with greater amplitude. Should this 
prove to be true, the light from the corona cannot be reflection or 
radiation from solid or liquid particles, for in that case its variations 
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would have the same amplitude as variations in the solar radiation. 

6. The intensity of the radiation emitted by a point in the corona 
as determined from the Seed 30 plates varies inversely as the sixth 
power of the distance from the center of the sun. 

7. The ratio of the amount of blue light to that of red light varies 
directly with the distance from the center of the sun, that is, the 
inner corona is redder than the outer corona. This is what may be 
expected if the coronal light arises from luminescence, or from mo- 
lecular scattering in a gaseous atmosphere, but is opposed to the 
theory involving solid or liquid particles. 

8. The difference between the radiation of the whole corona and 
that observed outside the moon’s limb may be as much as 0.38 
magnitude. 

9. The surface brightness of the corona at the limb of the sun is 
about 1.4 times that of the full moon, and half the light of the corona 
comes from a zone extending only 3’ from the limb of the sun. 

10. It is not likely that the corona can be detected without an 
eclipse by radiometric methods unless the scattered light near the 
sun can be reduced to about one-hundredth that observed on Mount 
Wilson. 


Mount WILSON OBSERVATORY 
June 1925 


349 


24 EDISON PETTIT AND SETH B. NICHOLSON 


NOTE ADDED OCTOBER 7, 1925 


Measurements of the coronal radiation transmitted by one centimeter of 
glycerine made by Stetson and Coblentz at the eclipse of January 24, 1925, this 
Journal, September, 1925, p. 128, differ radicaliy from our measurements of the 
radiation transmitted by one centimeter of salt water. Since the transmissions 
of salt water and glycerine are approximately the same, it seems advisable to 
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Fic. 3.—Galvanometer deflections measuring coronal radiation: A, total energy; 
B, water-cell transmission; C, cover-glass transmission. Deflections marked X and Y 
have been rejected as obviously defective. The letters EZ and W indicate that, at the 
time the corresponding deflections were made, the hot junction of the compensated 
thermocouple was on the image of the corona east and west of the moon, respectively, 
4/6 from the limb. 


show the original photographic record of the galvanometer deflections. Figure 
3 is a reproduction of the negative taken with the photographic registering 
device, three-fourths the original scale. The full-line arrows indicate the deflec- 
tions as measured, while the dotted arrow in B indicates, on the same scale, the 
deflection corresponding to the transmission observed by Stetson and Coblentz 
on the west side of the sun. Their value of the ratio of transmitted to total 
energy is approximately one-third that found by us. 
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THE LAW OF SUN-SPOT POLARITY 
By GEORGE E. HALE anp SETH B. NICHOLSON 


ABSTRACT 


Magnetic observations of sun-spots—The magnetic polarities of about 2200 sun- 
spot groups, observed on Mount Wilson between 1908 and 1925, are discussed in this 
paper. The polarities and approximate field-strengths are determined by daily obser- 
vations of the Zeeman triplet \ 6173 in the second-order spectrum of the 75-foot 
spectrograph of the 150-foot tower telescope. Invisible spots and the method of observ- 
ing them are also described. A revised scheme of magnetic classification of sun-spots, 
grouped as unipolar, bipolar, and complex, is described, and many individual cases are 
discussed and illustrated. Tables I, II, IV, and V give the magnetic classification of 2174 
spot groups, the percentage and frequency of the groups of each class, and the magnetic 
classification of the groups at formation. 

Law of sun-spot polarity—Discussion of the polarities of spots belonging to the 
last three 11}-year cycles leads to the following law, which represents all of the obser- 
vations with only 41 exceptions out of 1735 groups: 

The sun-spots of a new 113-year cycle, which appear in high latitudes after a 
minimum of solar activity, are of opposite magnetic polarity in the northern and 
southern hemispheres. As the cycle progresses the mean latitude of the spots in each 
hemisphere steadily decreases, but their polarity remains unchanged. The high-latitude 
spots of the next 11}-year cycle, which begin to develop more than a year before the 
last low-latitude spots of the preceding cycle have ceased to appear, are of opposite 
magnetic polarity. 

Thus while the well-known 11}-year interval correctly represents the periodic 
variation in the number or total area of sun-spots, the full sun-spot period, correspond- 
ing to the interval between the successive appearances in high latitudes of spots of the 
same magnetic polarity, is 23 years. This may be called the “magnetic sun-spot period,” 
to distinguish it from the 113-year frequency period. 


In a previous paper’ we have described our methods of determin- 
ing the magnetic polarity and field-strength of sun-spots and the 
magnetic classification of 970 spot groups observed during the years 
1915-1917. We have also called attention to the remarkable 
reversal of magnetic polarity observed at the advent of the spots of 
a new 113-year cycle in 1912, and indicated that at the conclusion 
of this cycle the law of sun-spot polarity should become apparent. 
As our observations from 1917 to 1924 have fully confirmed the 
earlier ones, showing at a second sun-spot minimum a general 
reversal of polarity corresponding to that which occurred in 1912, 
we are now in a position to formulate a polarity law, the validity 


1 Hale, Ellerman, Nicholson, and Joy, “The Magnetic Polarity of Sun-Spots,” Mt. 
Wilson Contr., No. 165; Astrophysical Journal, 49, 153-178, 1919. 
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of which can be tested in future cycles of solar activity. Brief sum- 
maries of our conclusions have already been published,’ but without 
the detailed results given in the present paper. This also includes a 
revised outline of our scheme of classification and a discussion of 
various special cases which emphasizes the necessity of using a 
rational method of grouping sun-spots with respect to their magnetic 
polarities and the distribution of the accompanying flocculi. 


METHOD OF OBSERVATION 


The method of observation which has been used to determine the 
magnetic polarities and field-strengths of about 2200 spot groups 
during the period 1908-1925 is fully described in the article men- 
tioned and may be briefly recapitulated here. The 150-foot tower 
telescope on Mount Wilson forms an image of the sun about 16.5 
inches (43 cm) in diameter on the slit of a spectrograph of 75 feet 
(22.9 m) focal length, mounted vertically in a well beneath the tower. 
The iron line \ 6173.553 is observed daily in the spectra of all spots, 
large and small, comprised in the various groups present on the sun. 
In a magnetic field this line is a triplet, and the polarity of the spot 
in question is determined by noting visually which of the n-compo- 
nents, R (to the red) or V (to the violet), is transmitted by a given 
strip of a compound quarter-wave plate, used in connection with a 
Nicol prism above the slit of the spectrograph. The distance be- 
tween the R- and V-components, measured with a micrometer, gives 
the approximate field-strength at the corresponding point in the spot. 
This is expressed in units of 100 gausses. Thus V,, means that the 
violet component is transmitted, and hence that the polarity of the 
spot is “south” (south-seeking pole) or negative, while the field- 
strength is approximately 1700 gausses.? 

These observations are entered on a pencil sketch of the solar 
image and its spots, made by tracing their outline on a large sheet 
of paper supported above the slit at the focus of the tower telescope. 

« For these preliminary accounts see Nature, 113, 105-112, 1924, and Proceedings 
of the National Academy of Sciences, 10, 53-55, 1924. 


? We now give polarities as “north” and “south” instead of “positive” and “nega- 
tive,” because several writers have supposed the latter terms to refer to positive and 
negative charges in the corresponding spots, in spite of the fact that our papers have 
given no evidence to support such an assumption. 
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Drawings on wax are being made from these for reproduction on a 
smaller scale in a volume which will give our complete magnetic 
record of sun-spots for the period 1917-1925. One of these drawings 
is shown in Figure 1. In order that the polarity in various parts of 
the larger spots may be distinguished at a glance, the regions that 
have “south” polarity are covered with small crosses, while those of 
“north” polarity are dotted.' 

In the detection of the very weak fields that betray the existence 
of invisible spots (see p. 10), an auxiliary half-wave plate, oscillated 
back and forth across the slit by means of a small electric motor, is 
used to cause the slight widening of the line to appear alternately 
toward red and violet, thus rendering the effect more readily visible. 

Certain precautions necessary in the determination of polarities 
are mentioned in the paper cited, and need not be repeated here. In 
general, the angle between the lines of force and the sun’s surface 
decreases from about go° near the center of the umbra to about 
o° near the edge of the penumbra. For this reason, polarity obser- 
vations near the limb are difficult for large spots and impossible 
for small ones. 

In the designation of spot groups it has not been possible to use 
the Greenwich serial numbers, partly because of the interruption 
in their publication during the war, and also because our magnetic 
scheme must frequently combine in a single group spots that would 
otherwise be classed separately, or vice versa. Our spot positions, 
however, are only roughly approximate, and serve merely for pur- 
poses of identification. The Greenwich measures should be substi- 
tuted for them in all work involving accurate heliographic positions. 


THE MAGNETIC CLASSIFICATION OF SUN-SPOTS 


In our magnetic system, spot groups are divided into three 
classes, distinguished here as “unipolar,” ‘“‘bipolar,” and “complex” 
(formerly called ‘‘multipolar’’). 

Unipolar groups are single spots or groups of spots of the same 
magnetic polarity. The three subdivisions of this class are deter- 


tThrough an unfortunate error, which for some unaccountable reason was not 
detected until about 300 of the engravings had been completed for the printer, the 
crosses (which resemble plus signs) were shown in the regions of south or negative 
polarity, instead of in those of north or positive polarity, as originally intended. 
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mined by the position of the group with respect to the surrounding 
calcium flocculi: (a) those for which the distribution of the flocculi 
preceding and following the group is fairly symmetrical; (ap) those 
which are followed by a distinctly elongated mass of flocculi; (af) 
those which are preceded by a distinctly elongated mass of flocculi. 

Bipolar groups consist, in their simplest form, of two spots of 
opposite polarity, the line joining them generally making a small 
angle with the solar equator. Usually, however, the bipolar group 
consists of a stream of spots, of opposite polarity in the preceding 
and following parts. The change in polarity is generally near the 
center of the stream, but it may be on either side of the center. 
Bipolar groups are subdivided as follows in accordance with the 
area and distribution of their constituent magnetic fields: (8) those 
in which the preceding and following members, whether single or 
multiple, are approximately equal in area; (8f) those in which the 
preceding member is the principal component of the group; (8f) those 
in which the following member is the principal component of the 
group; and ((¥) those in which the bipolar characteristics are shown, 
but with no clearly marked dividing-line between the groups of 
opposite polarity. This includes cases where the preceding or follow- 
ing members are accompanied by small spots of opposite polarity. 

Rigorously defined, the principal component of a bipolar group, 
whether single or multiple, is that for which the total integrated 
field-strength is the greater. In daily practice it would be almost 
impossible to make a sufficient number of measures of field-strength 
and area to determine this quantity accurately. Up to a certain 
area, the field-strength is almost directly proportional to the diam- 
eter of the spot, with its maximum intensity near the middle of the 
umbra, decreasing to zero just beyond the outer edge of the pe- 
numbra. But when the spot is split into several members, the maxi- 
mum field-strength in any one of them is less than that shown by an 
unbroken spot. Accordingly, in a bipolar group consisting of a large 
single spot followed by several smaller spots having the same total 
area, the preceding spot would be regarded as the principal com- 
ponent. The integrated field-strength as thus estimated, not 
actually measured, is sufficient for classification. 

Groups af and af are frequently accompanied by invisible spots, 
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or local magnetic fields, in the place of the absent component. These 
do not appear in the tabulated classification, however, because of the 
difficulty of detecting invisible spots, especially when the definition 
of the sun’s image is poor. 

Complex groups are those in which the polarities are so irregu- 
larly distributed that they cannot be classified as bipolar. Their 
number is small but includes some of the largest and most active 
spot groups. As already noted under bipolar groups, the presence of 
occasional small companions, which play a minor part in these or in 
unipolar groups, is disregarded in their classification. 

In distinguishing these various classes and their subdivisions, it 
is thus evident that the daily observations of the Zeeman effect in 
spot spectra must be supplemented by photographs of the calcium 
flocculi. Even with both of these guides it is sometimes difficult 
to assign the numerous spots in crowded regions of the sun to their 
respective groups. To make this clear and to illustrate the danger 
of grouping spots without these aids, we give a number of illustra- 
tions of various deceptive cases drawn at random from our records. 
Because of the peculiar significance of bipolar groups, of which all 
spots may be regarded as variants, it will be advantageous to discuss 
them first. 

BIPOLAR GROUPS 

The fundamental importance of bipolar groups, on which our 
scheme of classification rests, has been greatly emphasized by the 
continued accumulation of observational data, the discovery of 
invisible spots, and the life-history of spots of various types. As 
we have stated, bipolar groups often consist of long streams of 
spots, comprising many members, and betraying no evidence in the 
direct telescopic image of subdivision into two distinct groups of 
opposite polarity. The application of the spectroscopic test instantly 
discloses the magnetic distinction between the constituent spots and 
the overwhelming tendency of those of like polarity to cluster 
together at opposite ends of the stream. It is quite unsafe, however, 
to apply the term “bipolar group” to paired spots or to binary 
groups of small spots, as some solar observers have done without 
testing the polarities. An examination of certain typical groups will 
make this point clear. 
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A simple bipolar group, with widely separate components, is 
No. 2091, August 18, 1924, illustrated in Figure 2. Here we 
see two nearly equal spots at 15° and 18°N. latitude, opposite in 
polarity, and with field-strengths V 2400 and R 2000 gausses, 
respectively. No distinct companions are present, but on August 17, 
and again on August 20, a small spot was observed between the 
principal members. It was easy to recognize these widely separated 
spots as the members of a single bipolar group, not merely because 
of their opposite polarity but also because of the distribution of the 
flocculi between them. 


Aug. 18, 1/924 
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Fic. 2—Simple bipolar group with widely separated components. No. 2091, 
August 18, 1924. 


These spots are much more widely separated than the compo- 
nents of most simple bipolars, but even longer groups sometimes 
occur, the members of which, without spectroscopic tests, might be 
classified as separate spots. In most bipolar groups or streams many 
small spots are present, and the consistency with which the compo- 
nents of the eastern and western parts of the streams agree in 
polarity is very striking. A good example may be taken from the 
polarity record of June 19, 1917, which also affords several other 
typical instances of spot classification. 

The bipolar group No. 687 stood centrally in the midst of a large 
aggregation of spots, easily separated into three magnetic groups 
(Fig. 3, No. 5). Its leading member appeared at the east limb on 
June 14 at 12°N. latitude, when its preceding edge was recorded 
as R; andits umbra as (R+V),;. This appearance in the same spot 
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the two following components as Vio and V;5, respectively (Fig. 3, 
No. 1). A few minor companions were also present. Following this 
bipolar group about 2° S. and 14° E. was another group (No. 688) 
with a preceding member R,,, followed by some small V-companions. 
On June 16 group No. 687 contained many spots, all of the western 
ones recorded as R, and all of the eastern ones as V, the dividing-line 
being near the center of the stream. Another small bipolar group 
(No. 691) had appeared at 18° N. latitude, its preceding member Ry, 
and its following member V3. 
On June 17, as Figure 3, No. 3, 
shows, both Nos. 691 and 687 
had many constituents, but the 
consistent distribution of their 
polarities leaves no doubt re- 
garding their correct classifi- 
cation as bipolar groups. No. 
688 is obviously a separate 
group, but its classification is 
less certain, as it was preceded 
and followed at various times 
in its career by small com- 
panions, both Rand V. The subsequent appearance of these groups 
is shown in Figure 3, Nos. 4 and 5. 

Before leaving bipolar spots, it is desirable to call attention to 
odd configurations, almost sure to be wrongly classified unless the 
polarities are known. No. 769, for example, might be called for 
a time a bipolar group, but not such as it appears. During several 
days on and after August 17, 1917 (Fig. 4), it might easily be mis- 
taken for a 6f-spot, though in fact the two principal members were 
on that date R,, and R3, respectively. Several small spots at the 
following end of the group, which persisted until August 19, were 
opposite in polarity to the two large spots, and lead us to classify 
the whole group as 6 from August 15 to17. But after August 17 the 
rapid separation of the principal components and the appearance of 
other small V-spots, the largest (August 18) just preceding the 
largest umbra, seem to call for classification as two groups or as one 
group of mixed polarity. 


Aug. 17, 1917 


Fic. 4.—Magnetic polarities of the spots 
in group No. 769, August 17, 1917. 
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As extreme cases of unusual grouping, we may mention such 
pseudo-bipolars as No. 796, which on September 4, 1917 (Fig. 5), 
would surely have been regarded as a true bipolar if classified 
without spectroscopic tests. The large leading spot at 16° S. latitude 
was recorded as V2, thus corresponding to the bipolar rule for 
regular spots at that time. The large following spot, however, in- 
stead of being R, was actually V.,. Just preceding it was a very 
small spot R;, presumably the following companion of V2, making 
with it a Bp-group. Behind it were several small spots, one of which 
was V,, followed by two others, recorded as R; and Rs. This, there- 
fore, seems to be another 6p- 


group. On September 6 all of te 4, 1917 

the small companions had dis- yon. V9 

appeared, and the eastern spot a a Ki ts Va 

was reduced to Vy. The next | se%s— oS 
day it had disappeared. Another oe _ ee ie ‘ne 
deceptive case is group No. 1744, rig? ee i 


as it appeared on September 29 
and 30, 1920. The two principal 
spots, V5 and Vs, 12° S. (Fig. 6, Fic. 5.—Pseudo-bipolar group No. 796, 
No. 2), were formed by the rapid september 4, 1917. 

separation of the preceding and 

following parts of a single large spot, which on September 25 
(Fig. 6, No. 1) with its many small companions of both polarities, 
formed a complex group. 

Invisible spots.—In a large majority of bipolar groups the preced- 
ing spot is larger than the following one, which often disappears 
completely, leaving only the preceding spot followed by a train of 
flocculi. Sometimes the following spot has an intermittent existence, 
repeatedly appearing and disappearing. This peculiarity led us to 
search for local magnetic fields in the flocculi behind spots, on the 
hypothesis that an appreciable field might conceivably be produced 
by a vortex in which the cooling due to expansion is not sufficient 
to cause a visible darkening of the photosphere. 

Such a field would be betrayed by a slight widening of \ 6173, 
rendered unsymmetrical by cutting off the red or violet m-component 
with a Nicol and quarter-wave plate. As the effect may still be so 
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slight as to escape detection, an auxiliary half-wave plate, oscillating 
or rotating above the quarter-wave plate, is used to cut off in quick 
succession the red and violet components, thus setting the line into 
vibration at the point in question. This simple device has served 
admirably to reveal invisible spots in bipolar groups, before and 
after the visible stage, and in some cases where visibility was never 
attained. 

The bearing of these local fields on the nature of sun-spots will 
be discussed in a subsequent paper. From the standpoint of classifi- 


Fic. 6.—Pseudo-bipolar group No. 1744, September 25 and 30, 1920 


cation, with which we are now exclusively concerned, they are seen 
to strengthen the evidence that some go per cent of all sun-spots are 
either bipolar or tend toward this form. Hardly ro per cent of all 
spots are strictly unipolar, consisting of single spots or groups of the 
same polarity symmetrically surrounded by flocculi. Between these 
and the true bipolar groups we find single spots or unipolar groups 
followed (af) or preceded (af) by flocculi, and in these flocculi in- 
visible spots sometimes occur. Ifa persistent search for visible spots 
were made with the best of seeing and a larger solar image and higher 
dispersion than we employ, it is probable that great numbers of them 
would be found, especially in the flocculi following large unipolar 
spots. 
361 
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UNIPOLAR SPOTS 


Our previous paper, together with the foregoing remarks on 
invisible spots, perhaps describe sufficiently the characteristics of 
unipolar groups from the standpoint of classification. Some illustra- 
tions of scattered unipolar streams or groups may be added, however, 
to supplement what has already been said regarding pseudo-bipolars. 

Group No. 2071, when first observed for polarity near the east 
limb on June 28, 1924, at 33° N. latitude, consisted of two spots, Vis 
and V,,. On June 30 the following spot had split in two, and the next 
day three small companions appeared, of undetermined polarity. On 
July 3 the group contained 


seven members, all V but two vey te 
small spots, R, and R,, be- jm. oe | ee 
tween and slightly to the north ~ 1 


of the two largest spots, then = 
V2, and Vi. On July 6 Nich- 2071 eA As 
olson found all the widely vir | 
scattered components to be of 
the same polarity, the small 
R-spots having disappeared 


(Fig. 7). eee unipolar group No. 
No. 697 (17° N.) is an in- 

teresting case (Fig. 8). First seen at the east limb on June 23, 
1917, it had advanced far enough upon the disk on June 25 
to permit of reliable polarity tests. These showed each of the 
three umbrae in the S-shaped preceding member to be R.3, and 
these were followed by two small spots, R; and Re, followed again 
by three spots, Vis, Ve, Vg (Fig. 8, No. 1). The next day (Fig. 8, 
No. 2) the preceding spot was splitting into three members, R.., 
R.«, R22, which on June 28 (Fig. 8, No. 3) were widely separated and 
followed by a faint spot without umbra Vyo, and a small spot Rj». 
On June 30 (Fig. 8, No. 4) all the scattered members were decreasing 
in size, and all were R. This process of disintegration continued on 
July 2 (Fig. 8, No. 5), and on July 3 (Fig. 8, No. 6) the group was 
reduced to two small members, resembling a bipolar, but both were 
recorded as Rs. The small R-spot following to the south, at 10° N. 
latitude, was classified as a separate group. 
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No. 802, 18° N. (Fig. 9, No. 1), which was the return of a 
large -group observed in August, 1917, with curiously mixed 
polarities, also behaved in an exceptional manner in September. 
On September 3 (Fig. 9, No. 1) it appeared like a fairly long bipolar 
group, but with the exception of certain small R-spots south and 


Yune 25,/9/17 
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Fic. 8.—Development of groups Nos. 697 and 699, June 25—July 3, 1917 
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preceding, which we regard as another group (No. 805), all its mem- 
bers were V. On September 4 (Fig. 9, No. 2) No. 802 was an odd 
combination, the preceding member showing V,, on one side and Rig 
on the other, with all the other 
members V except two in their Sept. 3, 19/7 
midst, R; and Rs. The next day 
(Fig. 9, No. 3), however, the 
group had become an orderly 
bipolar, with R preceding and 
V following members. On 
September 6 the A-members 
had disappeared, and all of the 


spots were V. A day later only ee 
two of these, V;, and V6, were PEGS R3 Vie 
left. One of these had disap- aN" 
peared on September 8, and on ie 


September 9 the last spot of 
the group was gone. 


COMPLEX GROUPS 


In a subsequent article on 
the nature of sun-spots various 
important characteristics of By- 
and y-groups will be discussed, 
including their frequency in 
different parts of the sun-spot 
cycle, their area and helio- 
graphic distribution, the inclina- 
tion of their axes to the solar 
equator, the influence of rapid 
development and possibly of 
neighboring spots, and the customary presence in them of erup- 
tive phenomena. Here we are concerned solely with questions 
of classification bearing on the determination of the polarity law, 
and complex groups will accordingly be considered from this stand- 
point. 

Of the 2025 spot groups observed magnetically from 1915 to 


Fic. 9.—Complex group No. 802, Sep- 
tember 3-5, 1917. 
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date, and included in this discussion, 3.0 per cent have been classed 
as By-groups and 0.8 per cent as y-groups. They are thus too few 
in number to hamper the certain determination of the polarity law, 
but it is important to observe how they may develop out of a- and 
6-groups. 

The chief characteristic of most complex groups is the heteroge- 
neous distribution within them of spots of opposite polarity. They 
thus stand in striking contrast with a-(unipolar) groups, comprising 
a single spot or cluster of 

spots of the same polarity, 
et 2 and 8-(bipolar) groups, con- 
ag \ | Jy sisting of two such clusters, 
867 


Oct, 22 19/7 


/ Vio preceding and following, of 
oo spots of opposit larity. 
Paes pots of opposite polarity 
a eS We find occasional By- 

‘V7 groups, with definite bipolar 
ee characteristics but including 
some small spots of opposite 
polarity associated with the 
preceding or following mem- 
bers. In general, the compo- 
nents of all these groups, whether large or small, are of the same 
polarity in all parts of each spot, but in some y-groups spots are 
present which show sharply bounded regions of opposite polarity 
within the same penumbra. 

In visual or photographic observations of long trains of spots, 
especially those which exhibit no clustering tendency at the opposite 
ends of the train, we find no clue to the correct classification 
unless we apply the magnetic test. Take, for example, No. 867 
(9° N.), as observed on October 22, 1917 (Fig. 10). The polarities 
show this to be a bipolar group, though it so little resembles a simple 
bipolar such as No. 2091, observed on August 18, 1924 (Fig. 2). 
Sometimes the preceding and following members of bipolar groups 
may actually overlap, without transformation of the group into the 
y-class. No. 622, as observed by Joy on April 12, 1917, is a 
good illustration of this (Fig. 11, No. 1). On the previous day the 
spots of opposite polarity were well separated into preceding and 
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Fic. 10.—Bipolar group No. 867, October 
22, 1917. 
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following members, and later the bipolar nature of the group ap- 
peared even more clearly (Fig. 11, No. 2). But sometimes we 
observe the rapid development of a bipolar group into one of mixed 
polarity. 

Thus No. 848 (21°N.), which suddenly broke out on the 
disk on October 5, 1917, was found by Ellerman to be bipolar (Fig. 12, 


April /4, 1917 April 12, 1917 


Fic. 12.—Transformation of a bipolar into a complex group, No. 848, October 5-11, 
IQI7. 


No. 1). The next day, when additional following members had 
appeared, a small spot R, was detected to the east of another small 
spot, V«. On October 7 the group had greatly increased in size, and 
its complex character was apparent (Fig. 12, No. 2). Great activity 
prevailed between the small V- and R-spots near the following end 
of the group (a, Fig. 12, No. 2), marked by a brilliant eruption 
showing a violet displacement of Ha, corresponding to an upward 
velocity of 250 km per second, and a fine “bomb” not far away 
(0, Fig. 12, No. 2). On the next two days the group was even more 
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complex, and frequent bombs were seen near its center. On October 
10 the polarities were still mixed, but on the following day, when 
nearing the west limb, the group had returned to the bipolar type 
(Fig. 12, No. 3). 

Another case representing a change of type may also be de- 
scribed. No. 631 (Fig. 13), when first observed magnetically by 
Joy on April 19, 1917, appeared as a bipolar, with a large preced- 
ing spot, Ris, accompanied on the north by two small spots, R;, and 


April 22, 1917 April /9, 1917 


RS 


April 25, 1917 


RIB 
Z be ee 
yeas 


Fic. 13.—Changes in type of group No. 631, April 19-25, 1917 


followed by two small spots, V;. This bipolar condition persisted 
until April 22 (Fig. 13, No. 2), when the two following spots had 
disappeared and the several preceding members, the largest of 
which was R.,, were all R, scattered over a considerable area. On 
April 23 (Fig. 13, No. 3) the R-members were preceded by a spot 
recorded by Ellerman as Vis, while another spot, Vs, appeared north 
of the largest member of the group, then R.;. On this date the group 
would naturally be classified as of mixed polarity. The next day 
the two umbrae of the enlarged preceding spot were found by Eiler- 
man to be V;; and V2, respectively, while the spot to the north was 
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V,, the group thus remaining of the y-type, with the four other mem- 
bers Ro, R23, Rs, and R,, respectively. On April 25 (Fig. 13, No. 4), 


Sept. 20, 19/7 Sept. 719, 1917 


RIT VS 


Sept. 24, 19/7 


° 
OF Wo, 
ld R25/ R7 
si | 4? 


Pa 


Fic. 14.—Complex group No. 824, September 19-26, 1917 


the last day of observation, the polarities were similar, but the 
largest spot, Ris, had overtaken and united with the preceding spot, 
now V2, while a similar junction had occurred to the north between 
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Ry, and Vs. Thus this group, on the strength of a single day’s 
observations, would be classified as a regular bipolar (8) on April 
1g, 20, and 21; as a unipolar (af) on April 22; and as a complex 
group of mixed polarity on April 22, 23, 24, and 25. 

We have thus advanced by easy stages from a- and 6-groups to 
those curious spots of the y-type in which both polarities are some- 
times found within the same penumbra. Two remarkable illustra- 
tions of this kind were given in our previous paper,’ and many others 
might be added; it will suffice to mention briefly three cases. 

No. 824 (16° N.) appeared at the eastern limb on September 
16, 1917. If, as its position suggested, it was a return of No. 781, its 
previous history is unimportant, as this was a small group usually 


May 18,1921 May 11,1921 May 10,192! 


Ral RIT 


Fic. 15.—Complex group No. 1842, May 10-15, 1921 


classed as a, once as £, and once as y. Its mixed polarities, apparent 
on September 18, were more obvious on the following day. The large 
leading member, R3:, was accompanied on the north, on September 
18, by two companions, V;; and V;;, and followed by a large spot, 
Vo. On September 19 the two northern companions had united 
within a single penumbra, the umbrae of which were recorded as 
V,; and R,, (Fig. 14, No. 1). On the following day this spot had 
fused with the large spot R,; to the south, leaving a single umbra, 
Vs, near the northern extremity of its penumbra (Fig. 14, No. 2), 
and this appearance persisted when the spot was nearing the west 
limb on September 26 (Fig. 14, No. 6). The development of the spot 
need not be described in detail, as it is sufficiently well shown by 
the cuts. 


1 Mt. Wilson Contr., No. 165; Astrophysical Journal, 49, 153-178, 1919, Fig. 2; 
Plate VIIa, b, c; Plate VIIa, b, c, d. 2 
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One of the most remarkable spots we have ever observed was 
No. 1842, which appeared at the east limb on May 8, 1921, 
having formed since the previous rotation. On May g and 10 it was 
seen to consist of a very large irregular penumbra, containing a 
number of umbrae, of mixed polarity. The equator passed through 
the group, and on May to (Fig. 15, No. 1) Nicholson found that 
most of the points observed magnetically on the umbrae and various 
parts of the penumbra were R in the northern and V in the southern 
part of the group, corresponding with the polarities of the preceding 
spots of this cycle in the northern and southern hemispheres. On 
May 11 the group had split into preceding and following spots, 
each of which tended to be R in its northern and V in its southern 
parts, with the line of division near the equator, though there were 
some discrepancies (Fig. 15, No. 2). The Ha-spectroheliograms of 
this date showed eruptions in advance of the preceding spot, south 
of the small central spots, and both preceding and following the 
large following spot. Great activity continued in various eruptive 
regions in and about the group on subsequent days, and the division 
of each spot into two parts of opposite polarity also persisted, as 
illustrated in Figure 15, No. 3, from Nicholson’s observations 
of May 15. A great terrestrial magnetic storm, accompanied by 
brilliant auroras, began suddenly on May 13, at 13" 12™ G.M.T., 
when the leading spot was 5° east of the central meridian. The 
preceding edge of the bright calcium flocculi was on the meridian at 
this time, and the preceding bright Ha-flocculi had arrived there 
about twenty-four hours earlier. A more complete history of this 
remarkable group will be given elsewhere. Another interesting 
complex group, that of March 8, 1920, which was also accompanied 
by an aurora and terrestrial magnetic storm, is described by Nichol- 
son in the Publications of the Astronomical Society of the Pacific for 
August, 1920. 


MAGNETIC CLASSIFICATION OF 2174 SPOT GROUPS 
OBSERVED DURING THE PERIOD 1915-1925 


In our previous paper we gave the magnetic classification of 
970 spots observed during the period 1915-1917. Daily observations 
of all spots have been continued by Nicholson, Ellerman, Pettit, 
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Joy, Benioff, Hoge, and L. Humason, and these have been classified 
by Nicholson and Miss Mayberry, and checked in many cases by 
Hale. The results, which have appeared regularly since 1920 in the 
Publications of the Astronomical Society of the Pacific, are summarized 
in Table I, which, for convenience of comparison, also includes our 
previous results. 

In Table I the classification is by groups, giving all groups equal 
weight and counting each separately on every successive return. As 
the same group is often classified as unipolar on some days and as 
bipolar on others, the average classification is given here. Thus the 


TABLE I 


MAGNETIC CLASSIFICATION OF 2174 SpoT GROUPS 


Year a ap af B Bp Bf By y hays Total 
MOUS ore aiics 17 33 9 38 51 9 8 5 I4 182 
MOTO ses ecu 53 54 12 66 I00 26 13 ° 16 340 
MOT ese oe 45 85 I5 88 134 38 15 2 28 450 
EQ Lore sehr. 4 75 Io 85 IOI 33 8 I 19 3906 
TO LQ ses iee 52 54 Te 47 77 22 9 3 21 296 
O20 seri 21 33 9 30 40 I2 4 4 9 168 
TO ZT s cexciays II 34 5 26 28 8 2 I 25 140 
MOZ2 awe » 12 17 4 17 18 3 ° 2 5 78 
TO2S eee an I 7 2 5 16 2 ° ° 4 a7 
TOQA Sey. 8 17 3 ar 21 6 2 I 8 87 


successive columns give the number of groups classified under the 
respective heads for a majority of the days on which they were 
observed. There seems to be no change in the distribution of spot 
groups among these classes that can be associated with the changing 
phase of the 113-year cycle. This uniformity from year to year is 
best shown in Table II, where the percentages of the number of 
groups classified each year are given for each type. It should be 
noted that the numbers given in the ‘‘Unclassified”’ column are the 
percentages of all groups observed, while those in the other columns 
are the percentages of the groups actually classified. 

The number of spot groups in each class was tabulated for the 
northern and southern hemispheres separately, and the percentage 
in each class was found to be the same north and south of the sun’s 


371 


a2 GEORGE E. HALE AND SETH B. NICHOLSON 


equator. Of the 2174 groups observed, 1149, or 52.9 per cent, were 
north of the equator. Of the total number of spot groups in each 
class given in Table I, 52.9 per cent might therefore have been 
expected in the northern hemisphere. The numbers calculated and 
observed in the northern hemisphere are given in Table III. 

The slight excess of ap- and af-groups in the southern hemisphere 
is so small that no physical significance is attached to it. 


TABLE II 


PERCENTAGE oF Spot Groups IN EAcH CLAss 


Year a |. eb | efs) | eh ef Olicer teen ee 
POLS a eeatetsieray stues es 10 20 5 23 30 5 5 2 8 
EQUO> casters aes 16 17 4 20 31 8 4 ° 5 
riot fh ott rarer Ir 20 4 21 ao 9 3 ° 6 
NOLO et atetote nese al 17 20 3 22 27 9 2 ° 5 
NOLO certo eit ase ies 19 20 4 17 28 8 3 I 7 
TOIOs steer asia ote 13 21 6 19 29 U7 3 2 i 
Lathe tate rete 21 Se oa 10 30 4 23 24 7 2 I 18 
180y yng Bae eae eras ny 23 5 23 25 4 ° 3 6 
OY CR a Ror he adic 2 21 6 15 49 6 ° ° II 
TO GAte sind ee eins 9 25 4 27, ip 8 2 2 9 
FOUR—LOGA, etal 14 20 4 21 29 8 3 I G 

TABLE III ~ 

Class a | mp | of || B | Phel at | Bye ee 
Calculated....... 150 216 42 224 313 84 32 9 79 
WDSEINEC, Ces cae a's I51 207 37 226 or3 87 36 II 81 


Table IV gives as percentages the frequency with which groups 
of each type were observed. These numbers give the mean number 
of groups of each type classified daily as a percentage of the total 
number of groups classified daily during the year. Daily observa- 
tions of the magnetic fields of all spots were not made prior to 
January, 1917, so that these data are not available previous to that 
date. 

A comparison of Table IV with Table II shows marked differ- 
ences in three classes—ap, 8, and Unclassified. The reason for the 


372 


LAW OF SUN-SPOT POLARITY 25 


increase from 7 per cent to 18 per cent for the total of unclassified 
spots is that in Table IT only those spots are counted as unclassified 
for which no polarity observations were made. A group seen on 
several days may have been observed magnetically on only one or 
two days, because of adverse observing conditions. Its mean 
classification would then be given on the basis of those days for 
which magnetic observations were made. 

The decreased percentage of 8-groups and the increased percent- 
age of ap-groups is due to the fact that the groups of long duration 
pass through the 6-stage rather rapidly, while they exist as ap-groups 


TABLE IV 


FREQUENCY OF SpoT GROUPS OF EAcH CLASS 


Year a 
MOU seis arreserelods. ccs: 4 15 27 2 6 30 I2 5 I 17 
WOU Sse Seiersiess 18 26 3 14 26 9 2 I 16 
MOTO sc.evs cee vied sec 19 26 2 28 Io 5 2 18 
G2 OMe caer esehe a. II 32 4 I2 29 a 2 2 16 
TROP AIRS Res Reece eae 8 36 s 12 30 7 2 2 25 
PIG 202 Meteatia tersioit Jie) aus 17 24 5 ae) 24 6 I 5 26 
MOQ Series ol via. senna I 34 I 13 44 5 2 ° 21 
DO 2d cratieie rs ele etn 6 30 4 19 28 8 4 I 18 
POT Teg LOA cietetatace o's 15 28 3 II 29 Io 3 I 18 


for a much longer part of their life. The large groups usually begin 
as B- or Bp-groups, but if the group is of the 6-type at first, it usually 
changes to Bp after a few days. As the following spot breaks up 
and decreases, the group is 6p until this spot has completely dis- 
appeared. The preceding spot may still be of considerable size, and 
may last for many days as an af-group. Since Table IV is based on 
the frequency of groups in each class, the groups are essentially 
weighted according to their length of life. The groups of short 
duration often die out before the ap-stage is reached. 

The fact that most groups begin as bipolar groups is shown in 
Table V, which is based on the magnetic classification of spot groups 
on the day of their formation. During the interval from 1917 to 
1924 inclusive, 523 groups were observed on the first day of their 
lives. Groups observed for the first time are not counted in this 
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table unless observations on the day preceding the group’s first 
appearance showed that no spots were visible in the region of the 
new group. Of the 523 groups mentioned above, only 426 were 
classified magnetically on the day of their formation. The numbers 
of groups thus classified which were observed on one, two, three, 
and on four or more days are shown in the last line of Table V under 
the column headings 1, 2, 3, and 4. The percentage distribution of 
these numbers among the various magnetic classes is shown in the 
columns above. The columns headed 5, 6, and 7 give similar data 
for groups which have lived more than five days, more than six days, 
and more than seven days, respectively, and thus present a segrega- 


TABLE V 


MAGNETIC CLASSIFICATION OF SPOT GROUPS AT FORMATION 


Type I 2 3 4 5 6 7 Total 
Otros x aibtitias 32 12 9 12 13 13 Io 18 
OPENS godine 17 13 I2 7 6 7 7 I2 
78 fe 10 & 3 3 2 3 ° 6 
Bite ats sreieP- 23 26 34 37 39 39 39 30 
BP or agerag ats Io 26 33 27 26 25 29 22 
Bieter 7 15 7 13 13 I2 13 II 
BY 55 sets ° 3 ° I I ue 2 I 
Wale neta eases I ° 2 ° ° ° ° iL 

Total 133 85 56 | 152 | roo 76 59 | 426 


tion of the datain column 4. The last column gives the percentage 
in each magnetic class, irrespective of duration. The data included 
in columns 1, 2, and 3 usually cover the entire life of the groups 
in question, but many of the groups observed four or more days 
passed around the west limb, so that their total duration is unknown. 

The most striking fact brought out by all of these tables is the 
large preponderance of bipolar groups, and the tendency of unipolar 
groups, even when not lapsing intermittently into the bipolar state, 
to hover continually on its margin. A study of the daily history of 
the spots further emphasizes this tendency, as it shows the frequent 
passage, back and forth, from one type to the other and the develop- 
ment from time to time of invisible spots in unipolar groups which 
never visibly attain the bipolar condition. 
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As Table II shows, 61 per cent of all classified groups were 
bipolar in character during the greater part of their existence, 24 
per cent were ap or af, while only 14 per cent were a-spots. Another 
striking fact is the significance of preceding spots, which is shown 
by the large number of ap- and 8p-groups, as compared, respectively, 
with those classified as af and ff. 


THE LAW OF SUN-SPOT POLARITY 


We are thus amply justified, when seeking the law of sun-spot 
polarity, in regarding bipolar groups as the dominant type. Unipolar 
spots followed by flocculi (ap) are treated as the preceding members 


TABLE VI* 


DISTRIBUTION OF MAGNETIC POLARITIES IN Spot Groups (First CycLe) 


REGULAR IRREGULAR 


neon: 
First Cycre peck 
N. Si N. Ss. Percent-| 720M 
Total Total EQuaToR 
Vp-Ry Rp- Vy Ry-Ve Vp-Re age 
June, 1908-Jan., 1913... 7 ag 24 ° I I 4 Or 


* The figures in these tables differ slightly from those given in our previous paper because a-spots 
were then classified with the preceding members of bipolar groups. 


of incomplete bipolar groups, and those preceded by flocculi (af) 
as the following members of such groups. In the following tables 
our observations for the period 1908-1925, omitting symmetrical 
unipolar (a) groups, mixed bipolars (8y), and complex groups, are 
assembled for three different spot cycles, the first including the 
few polarity observations made between June, 1908, and January, 
1913 (Table VI); the second those of the full period, January, 1913, 
to October, 1924 (Table VII); and the third those from June, 1923, 
to January, 1925 (Table VIII). 

In Table VI, representing a period when our attention was 
chiefly concentrated upon the verification and detailed study of the 
Zeeman effect in the few spots large enough for such work on the 
6.7-inch solar image of the 60-foot tower telescope, the classification 
of polarities as “regular” or “irregular” is determined by the 
transmission of the red (R) or violet (V) 2-component of \ 6173 by 
the “marked strip” of the compound quarter-wave plate when set 
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on the preceding spot. As the results show, the great majority of 
these spots gave the violet component (south-seeking or negative 
polarity) for the preceding spots of the northern hemisphere, and the 
red component (north-seeking or positive polarity) for the preceding 
spots of the southern hemisphere. 

With the arrival of the high-latitude spots of the next (second) 
cycle, in December, 1912, we were surprised to find their polarity 
to be opposite to that of the spots of the first cycle. This is abun- 
dantly shown in Table VII, where the terms “regular” and “irregu- 


TABLE VII 


DISTRIBUTION OF MAGNETIC POLARITIES IN Spot GRoupPS (SECOND CYCLE) 


REGULAR TRREGULAR 


eee 
SECOND CYCLE SEN 
‘ fz ercent-} 720M 
R fe V5 | Vp-Ry Total | y A Ry RpVs Total |P age Equator 
LOLS OTA sammiceece 18 13 31 I I 2 6 22° 
CN a ates aioe seties cr et eial 61 60 121 I ° I I 19 
ROK OSE cits a's tls javareiota sis 138 89 227, 2 5 7 3 1) 
40 By Ect St a RSE Cn EAE 188 175 303 4 3 7 2 I5 
POLO rar alrrinsiaels she erate 148 168 316 4 5 9 3 13 
TOTO ees center aic ea aie 96 122 218 ° 2 2 I 12 
BOLO a gh ls ots oat bhalaia's 6 oe 68 65 133 ° ° ° ° et 
CHEVY 506 MOAR Rca utieie 54 45 99 I 2 3 3 Io 
a2 tes bboy is wise) Slorsts ai 34 24 58 3 I 4 6 9 
Maa aee orate rey erate 12 5 UPA) ° ° ° 7 
ROZA rot ete tinek 3 ° 3 3 ° 3 (50) 5 
Jan., 1913—-Oct., 1924.]| 820] 766 | 1586 I9 19 38 2isiAl coed eee 


lar’ now apply to spots for which the preceding members give the 
red component (north-seeking or positive polarity) in the northern 
hemisphere, and the violet component (south-seeking or negative 
polarity) in the southern hemisphere. With only 2.4 per cent of 
exceptions, the reversal of polarities was thus complete. 

This remarkable result led us to fear some systematic error, but 
scores of checks applied to our observations, which had been partly 
visual and partly photographic, invariably failed to shake their 
validity. We accordingly looked forward with the keenest anticipa- 
tion to the appearance of the sporadic spots in high latitudes 
indicating the approach of the next cycle. 

The first of these was detected by Ellerman on June 24, 1922, 
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a small a-spot at 31° N. latitude and 10° E. longitude, found to give 
the violet component, and thus to be of south or negative polarity. 
On the assumption that this was a regular preceding spot, a general 
reversal of polarities, corresponding to that observed in 1912, might 
be expected to occur at the minimum. As Table VII and Figure 16 
indicate, this reversal has since taken place. 

In studying the reversal of polarity at sun-spot minimum it is 
natural to inquire whether it is heralded by any progressive increase 
in the number of irregular spots or other suggestive phenomena. 


LATITUDE 


S 40 


JAN JAN ; JAN 
19ee 1923 1924 


Fic. 16.—Heliocentric latitudes and magnetic polarities of sun-spot groups ob- 
served at Mount Wilson from January 1, 1922, to January 1, 1925. N (north-seeking) 
or S (south-seeking) represents the polarity of the preceding spot of each group. 


As Table VII indicates, the percentage of irregular spots fluctuated 
from o to 6, but showed no progressive change. A test of the relative 
importance of preceding and following spots during various parts of 
the cycle can also be made by adding together all ap- and £p-spots, 
and comparing their number with the corresponding sum of the 
af- and 8f-spots, as shown in Table IX. 

The results afford no clue to the impending change of polarity at 
the minimum. The reversal of polarity is a sudden phenomenon, just 
as the advent of a new cycle of spots is abrupt, beginning in high 
latitudes before the spots of the old cycle have completely dis- 
appeared. Thus we find that at the time of sun-spot minimum four 


t Tn this table “regular” and “‘irregular’’ have the same significance as in Table VI. 
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spot zones, characterized by distinct magnetic polarities, may coexist 
on the sun. During the interval June 1, 1922, to January 1, 1925, 
the maximum latitude of the spots of the last (second) cycle was 16°. 
The latitude of the present (third) cycle spots, of opposite polarity, 


TABLE VIII 


DISTRIBUTION OF MAGNETIC PoLARITIES IN Spot Groups (THIRD CYCLE) 


REGULAR TRREGULAR Ateany 
Turp Cycle DIsTANCE 
N. S. N- S. Percent-| ., TOM 
Vy-Ry | Ry-Vy Total Ry-V; | Vp-Ry Total age EQuaToR 
TD 3 he ei o hevsteraiarele exo te 8 7 ls ° I I Y/ 27° 
ROD AM cine nist asta 5r 18 690 I fe) I I 25 


has ranged from 4o° to 16°. The boundaries of these zones are not 
sharply defined, and in a few cases it is doubtful to which cycle the 
group belongs. Thus group No. 2033, which appeared on September 
8, 1923, in latitude 25° S., had polarities like those of the second cycle, 


TABLE IX 
Year ap+Bp af+Bf 
LOLYtos ene ae 57 I4 
TOUS ates a aoe 52 12 
LOL Osta eet: 54 12 
BOZO site ee ree 6r DE 
ide PR WAC Ain Sa 5 66 Io 
O22 eerrance ates 48 II 
SRO Weer Pan Ree. 78 6 
LO24 eercr re 58 12 


but because of its distance from the equator it has been considered 
as a spot of the third cycle with irregular polarity. A still more 
difficult case is No. 2079, which first appeared on July 9 in lat- 
itude 5° N. Its polarities were like those of the third cycle, but 
its low latitude puts it with the spots of the second cycle, as is 
shown in Figure 16. It has been included in Table VII, and since it 
was observed at two returns, as Nos. 2085 and 2094, with the same 
irregular polarity, it alone accounts for the irregular second-cycle 
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groups of 1924. On its next return, as No. 2101, its polarity had 
changed, making it a regular group of the second cycle. 

The temporary existence in each hemisphere of two zones, in 
which the great majority of the spots are of opposite polarity, is a 
most striking phenomenon, which cannot fail to be of significance 
in its bearing on the solar constitution. 

Mention should be made of the sharpness with which the equator 
separates spots of opposite polarity, as illustrated in Figure 17. 
Two bipolar groups appeared at the east limb of the sun on August 
12, 1919, one 6° N., the other 
Bertie, 1712 3°S. During their passage 
| across the disk the leader of 
the northern group moved 
toward the equator at the rate 
of 4500 miles per day, while 
the preceding spot of the 
southern group rapidly in- 
creased in diameter. By 
August 23 the edges of both 


these spots touched the equa- 

Fic. 17.—Spots of opposite polarity near toy. On their return to the 
the equator. Groups Nos. 1555 and 1556, 
September 13, 19109. 


east limb on September 10 
the following spots of both 
groups had disappeared, leaving only the leaders, which remained 
in the same relative positions until they began to break up on 
September 15. Figure 17 shows them as they appeared on Septem- 
ber 13, when the northern spot was 30,000 miles in diameter, the 
southern one 26,000 miles in diameter, and the distance between 
their centers 33,000 miles, At this time their respective maximum 
field-strengths were 3400 and 2900 gausses, of opposite polarity.? 
Scores of similar instances could be given, showing the almost un- 
erring tendency of a group to exhibit the polarity characteristic of 
its hemisphere, even if it be within a degree or two of the equator, 
or actually in touch with it. 


x “Summary of the Mount Wilson Observations of Sun-Spots for September and 
October, 1924,” Publications of the Astronomical Society of the Pacific, 36, 355, 1924. 

2 Nicholson, “Two Sun-Spots Close to the Sun’s Equator,” ibid., 31, 277, 1919. 

3 Rarely, as in the complex group No. 1842 (Fig. 15), the polarities do not corre- 
spond exactly with their respective hemispheres. “ 
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The polarity law, which represents all of our observations with 
only 41 exceptions out of 1735 groups, is best expressed graphically 
(Figs. 18 and 19), but may also be stated as follows: 

The sun-spots of a new 11-year cycle, which appear in high 
latitudes after a minimum of solar activity, are of opposite mag- 
netic polarity in the northern and southern hemispheres. As 
the cycle progresses the mean latitude of the spots in each hemi- 
sphere steadily decreases, but their polarity remains unchanged. 
The high-latitude spots of the next 113-year cycle, which begin to 


develop more than a year before the last low-latitude spots of the 
N40 
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Fic. 18.—The law of sun-spot polarity. The curves represent the approximate vari- 
ation in mean latitude and the corresponding magnetic polarities of spot groups ob- 
served at Mount Wilson from June 1908 to January 1925. The preceding spot is shown 
on the right. : 


preceding cycle have ceased to appear, are of opposite magnetic 
polarity. 

It can hardly be doubted that this law will apply in future 
cycles, involving a complete reversal of polarities at each successive 
minimum. Thus while the 113-year interval correctly represents the 
periodic variation in the number or total area of sun-spots, the full 
sun-spot period, corresponding to the interval between the succes- 
sive appearances in high latitudes of spots of the same magnetic 
polarity, is twice as long. 

This 23-year interval may be called the magnetic sun-spot 
period, to distinguish it clearly from the familiar 114-year frequency 
period. The sun-spot numbers or areas might be expected, however, 
to show some evidence of a 23-year period, and this was actually 
detected by Professor Turner in 1913 from a careful analysis of the 
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Wolf numbers. In the Monthly Notices for November, 1913, he re- 
marks: ‘‘Now in the first place we find that there is not a satis- 
factorily uniform period of 113-years, but rather a double period of 
23 years, the halves of which are not quite symmetrical.” In a 
recent paper,’ describing a harmonic analysis of the Greenwich 
north and south mean latitudes and the logarithms of the north 


CYCLE 
BEGINNING 


Fic. 19.—Sun-spot zones during the minimum of solar activity. Two zones in 
each hemisphere, in which the spots are of opposite magnetic polarity, exist for about 
two years at the time of each sun-spot minimum. 


and south spotted areas, he confirms the earlier result and adds the 
following important conclusions: 

The “even” cycles 1888-99 and 1912-23 differ from the “odd” cycles 
1876-87 and 1900-11 as follows: 

a) The spots are in the mean 1° further from the equator in both hemi- 
spheres, and the spotted area larger in the ratio of 143 to 126. 

b) The phases of the variation are earlier by about 5.2 months, both as 
regards latitude and area; the ranges are also slightly greater. 

c) The latitudes indicate a mean period of 11.35 years and the areas a mean 
period of 11.65 years, the mean being closely 11.50 years, for the 48 years 
analyzed. 


It is to be hoped that solar investigators will look for other 
possible differences in the behavior of the spots of successive 11}- 


year cycles. 


Mount WILSON OBSERVATORY 
June 1925 


t Monthly Notices, 85, 467, 1925. 
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MEAN DISTRIBUTION OF STARS ACCORDING TO 
APPARENT MAGNITUDE AND GALACTIC 
LATITUDE 


By FREDERICK H. SEARES, P. J. VAN RHIJN, MARY C. JOYNER, 
AND MYRTLE L. RICHMOND 


ABSTRACT 


Mean distribution of stars according to magnitude and galactic latitude—The dis- 
tribution has been determined from (a) Mount Wilson Catalogue of Selected Areas, 
covering m=13.5 to 18.5; (b) 33 zones of the Astrographic Catalogue, m=9.0 to 13.5; 
and (c) Tables II and IV, Groningen Publication No. 27, corrected for scale error, 
m=4.0 to 9.0. Systematic deviations in longitude and between northern and southern 
galactic hemispheres have been disregarded. The values of log Nm (Nm=number of 
stars per square degree brighter than m), extrapolated to m= 21.0, are in Tables XVII 
and XVIII. In general, the results refer to a grouping according to photographic 
magnitude, international scale. The means for latitudes o°-90°, however, have been 
transformed into corresponding means for a grouping according to visual magnitude. 

Total number of stars and galactic concentration.—To the twenty-first photographic 
magnitude the total number of stars is 890,000,000, or to the twentieth visual magni- 
tude, 1,000,000,000. The values of dNm/dm (Table XXII) from m=12 or 13 to m=21 
can be represented by quadratic exponentials in m (Table XXIII). The assumption 
that these formulae also apply to the luminous stars beyond observational reach leads 
to 3X10" as the total number of stars in the galactic system, 95 per cent of which are 
within 20° of the galactic plane. For the whole system, the ratio of Nm for latitudes 0° 
and go° (galactic concentration) is more than 700. All results depending on the un- 
restricted summation of the quadratic exponentials are, however, very uncertain. 
Within the interval covered by the adopted distribution table, m=4.0 to 21.0, the 
galactic concentration increases from 3.4 to 44 (Table XXV). 

Mount Wilson Catalogue—The Catalogue gives magnitudes for about 70,000 indi- 
vidual stars in Selected Areas 1-139, declinations +go° to --15°. Photographs with the 
60-inch reflector, exposures 2” and 15”, measured at Mount Wilson, determine the 
scales and zero-points, and give magnitudes of 65,683 stars in fields 23’ in diameter. 
Plates of 60” exposure, measured at Groningen, give the magnitudes of 44,910 stars in 
fields 15X15’ or 20’X20’. The two series of measures were counted separately (Tables 
Ta, Id), the counts being completed to a uniform limiting magnitude of 18.5. Cumula- 
tive sums, reduced to unit area, were formed for 28 latitude groups. Means and dif- 
ferences for Mount Wilson and Groningen counts are in Tables VI and VIII; smoothed 
values—the final result from the Catalogwe—in Table IX. 

Reduction of van Rhijn’s distribution table to international scale—For m> to, Tables 
II and IV of Groningen Publication No. 27 depend on 65 Selected Areas in the Harvard- 
Groningen Durchmusterung; for m<6, they are based on the visual magnitudes of 
Harvard Annals, 50, corrected for color. The corresponding scale corrections from 
Contributions Nos. 288 and 289 are in Table XI, the interval m=6 to ro being bridged 
by interpolation. 

Astrographic zones ——The published counts for 33 zones, mostly by Turner, were 
reduced to the international scale through the intermediary of Groningen Publication 
No. 27, corrected as above. Mean densities for 3-5 limiting magnitudes and latitudes 
0°, 10°, 20°. . . ., are given for each zone in Table XV; condensed means, in Table 
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XVI. The latter, together with Table IX from the Mount Wilson Catalogue, is the basis 
of the adopted distribution (Table XVII) for m> 9.0. 

Scale correction to Groningen Publication No. 18—Table XX gives a mean scale 
correction for Kapteyn’s distribution table, derived by comparison with log Vm in 
Table XVIII, 090°, for a grouping according to visual magnitude. The correction 
seems to vary with the latitude. 


The completion of the Mount Wilson Catalogue of Selected Areas 
and of certain preliminary investigations has made it possible to 
redetermine the distribution of stars with respect to apparent 
magnitude and galactic latitude. Counts of stars in this Catalogue 
cover the interval m=13.5 to 18.5, international photographic 
scale. The distribution between m=g9.0 and 13.5 has been deter- 
mined from 33 zones of the Astrographic Catalogue published by 
Turner.t These have been reduced to the international system 
through the intermediary of van Rhijn’s Table IV, Groningen 
Publication No. 27, corrected for scale error. The revised distribu- 
tion for m< 9.0 is that of van Rhijn’s Table IV, extended to m=4.0 
by Table II of his paper and reduced to the international system. 
By what seems a permissible extrapolation, the results thus found 
have been extended to the twenty-first magnitude. The adopted 
values for the mean distribution are given, in the usual form, in 
Tables XVII and XVIII. 


I. THE “MOUNT WILSON CATALOGUE” 


Pending the appearance of the Mount Wilson Catalogue, much 
information relating to the observations and reductions and to the 
precision and consistency of the results may be found in the Third 
Report on the Progress and Plan of Selected Areas. Certain details, 
however, are necessary for an understanding of the present discus- 
sion. 

The Catalogue gives the photographic magnitudes of stars in 
Selected Areas 1-139, declinations +-go° to —15°. The photographs 
were made with the 60-inch reflector, in three series: (a) exposures 
of 2 minutes and 15 minutes, with the full aperture and with 
diaphragms and a wire-gauze screen; () exposures on the same plate 
of 60 minutes and 5 minutes, both with full aperture; (c) comparison 
exposures of 2 minutes, all with the full aperture, connecting each 

t References are given in Table XIII. 


2 Groningen, 1923. See especially Second Appendix. 
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area with the adjacent areas of the same zone, and six areas in each 
zone with the North Pole. 

Series (a) and (c) were measured and reduced at Mount Wilson, 
the diaphragm exposures being used to determine the scale in each 
area, while the comparison exposures served to reduce the results 
to the international zero-point. The fields are circular, 23’ in diam- 
eter, with the bright central star at the center of the plate. The 
results include magnitudes for 65,683 stars. 

Series (b) was measured and reduced at Groningen with the aid 
of standard stars supplied from Mount Wilson, the secondary 
exposure of 5 minutes being used to extend the scale to the faint 
stars shown by the principal exposure of 60 minutes. To galactic 
latitude 40° the fields measured are 15’X15’; in higher latitudes 
they are 20’ X20’. The centers are the even minutes of right ascen- 
sion and the 10’ multiples of declination nearest to the positions of 
the central stars for 1900. Magnitudes were derived for 44,910 stars. 
The fields measured at Mount Wilson and Groningen thus overlap 
but do not coincide. Their respective areas are: 


Sq. Deg 
Mount AWaAlsOn stance eiteters asia eet oie ©.1154 
Grom Pens 02-30) mis ag a esiceiieem veh 0.0625 
Groningen, 40°90". aad sw fae nies O.IIII 


The total number of individual stars is about 70,000. 

The results agree well with the international scale." It will be 
seen later that counts of the Groningen and Mount Wilson magni- 
tudes are in excellent agreement, which establishes the identity of 
both scale and zero-point for the two series of measures, while it 
has already been shown? that the Mount Wilson magnitudes are 
on the international scale, at least to m=16. Since the scales in the 
individual areas were established by methods used in deriving the 
standard magnitudes at the Pole, which are on the international 
system, it is reasonable to suppose that the accordance with this 
system extends to the limiting magnitude of the plates. 

For stars occurring in both series of measures, the Catalogue 
gives the weighted mean magnitude; but in the initial stages of the 

t Transactions of the International Astronomical Union, 1, 69, 1922. 

2 Mt, Wilson Contr., No. 289; Astrophysical Journal, 61, 305, 1925. 
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following statistical discussion, it is both desirable and necessary to 
treat the Mount Wilson and Groningen results separately. The 
counts which are the basis of the discussion are given for each half- 
magnitude interval below m= 13.0 in Tables Ia and I0, respectively. 
The numbers of stars brighter than m=13.0 are listed in the second 
column; and in the last column but one, the total counted in each 
area. Thus for Area 1, the first line of Table Ia indicates that the 
Mount Wilson counts in an area of 0.115 square degrees show a 
total of 4 stars brighter than 13.0; 0 stars in the interval 13.00-13.49; 
1 in the interval 13.50-13.99, etc.; and a total of 137 for the area. 

The numbers in the last columns of Tables Ia and Id are the 
magnitude limits to which the counts are assumed to be complete. 
For a reflector having a focal ratio of 5 to 1, the limiting magnitude 
falls off rapidly with increasing distance from the optical axis. For 
the field used the maximum loss is about 0.5 mag., and allowance 
must be made for at least this amount in assigning the limit to which 
the counts are complete. For safety the limits have been rather 
conservatively fixed. 

It should be explained that Table Ia includes about 3800 faint 
stars which do not appear in the Catalogue because their magnitudes 
depend on a single plate. Series (a) includes two photographs of 
each area with two equal exposures of. 15 minutes on each plate, 
but in the case of faint stars the magnitude for one of the plates 
is often missing. Defective and superposed images account for 
some of these cases, but difference in limiting magnitude is the 
usual explanation. Such stars, although retained for the statistical 
discussion, have been omitted from the Catalogue, unless meas- 
ured at Groningen on plates of series (6). Everything that could 
be seen on the Mount Wilson photographs has been measured, 
and the relatively large error of measurement near the limiting 
magnitude explains the omissions from the Catalogue. The statistical 
value of the data is, however, little affected. All the Groningen 
magnitudes, on the other hand, depend on a single plate, but here 
there is less danger of error, for the measures could not be pushed 
so close to the limiting magnitude as in the case of the Mount 
Vilson plates where the multiple images guard against confusion 
with defects in the film. 
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2. DISCUSSION OF THE MOUNT WILSON COUNTS 


The data in Tables Ia and Id lead to the values of log Ny» for 
different galactic latitudes given in Table VII, where Vis the mean 
number of stars per square degree brighter than m derived from the 
two series of counts. These results, which are the basis for the mean 
distribution for m> 13.5, can be reproduced from the original counts 
by following the steps now to be described. 

Formation of latitude groups.—Since the fields measured are 
small, the counts are much affected by local irregularities of distribu- 
tion. These are partially eliminated by combining the 139 areas into 
28 groups, arranged according to galactic latitude as shown in Table 
II, each line of which gives in succession the mean latitude of the 
group, the serial numbers of the areas, and their respective latitudes. 
Southern latitudes are indicated by italic figures, although in the 
present discussion any possible systematic difference between the 
two galactic hemispheres is ignored. For the completion of the 
counts to a uniform limiting magnitude, the data were further 
condensed into seven groups indicated by the divisions of Table II. 

Completion of the counts.—For the discussion it is important that 
the counts for all areas should be complete to the same limiting 
magnitude. The frequencies of the limits of completeness given in 
the last columns of Tables Ia and Id are shown in Table III. For a 
considerable percentage of cases, the data are complete to magnitude 
18.5; for the others, the distribution is such that the counts can be 
extended to this limit with little uncertainty. 

The procedure was as follows: The original counts in Tables 
Ia and Id were tabulated in subgroups according to the latitude and 
magnitude limits shown in Table III. Thus for Mount Wilson, 
group I, the tabulation included three subgroups: two areas com- 
plete to 17.5, eight complete to 18.0, and nine complete to 18.5. The 
logarithms of the sums of the numbers of stars in each half-magni- 
tude interval were plotted for each subgroup. The ordinates of the 
resulting curves (log S curves) were tabulated for each half-magni- 
tude and differenced, the individual first differences thus having 
the form 


‘ 
log R=log ( stars m to sees 


No. stars m—o.5 to m 
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where, briefly, R is the ratio of the numbers of stars in adjacent 
half-magnitude intervals. Each subgroup thus gives a sequence of 
values of log R, terminating at m=17.0, 17.5, or 18.0, and, for a few 
scattering areas, at 16.5. Means were formed for corresponding 


TABLE II 


GROUPING OF AREAS ACCORDING TO GALACTIC LATITUDE 


Group Mean Lat. Serial Numbers of Areas Galactic Latitudes 
°° D4, 40; 123, 034.0 ae) ||| Op Onn Om Oy me 
I I 19, 64, 74, 87, 98| ut 7%, 1 Y F 
2 ae hase 3 (110), 9; 49, 8, 18 I, 2, 2, 3; 6 
8 23, 25, 41, 30, 50] 7, 8 8, 9, 10 
II 63, 07," TLL, 9140, OS) | MO; erie or ec mercy 
II 12 RR teery UY eee 20 (1250 12 eon oe 
a 13 IO, 22, 42," 123, 398 \| 13, (Tone games 
15 75, 109, 86, 99, 43|1%4, 14, 15, 15, 16 
18 3, 213) 320,805 39.007, 7 elo mes Om 
Il 20 iis 7 00,0 A755 hal et Oh 20m Onmec Teme 


i) ici oe 24 62, 89, 72, 125, 132 | 23, 23, 24, 24, 24 
26 Ky sey | mel mnehe ecto lprie Par, Slo, Fl, 20) 
27 46, 76, 85, I, 27127, 27, 27, 28, 28 
IV 20 7 OTe et OO mm TOG: 40/28, 25, <285 2355822 
WT a ai 33 44, 45, 16, 52, O61 | 32, 32, 33, 34, 34 
35 71, 90, 131, 126, 6 | 34, 34, 34, 35, 36 


39 95,. 113, 28, 36, 77 | 38, 38, 30, 30, 30 
V 4° 187," 84, 120, I2, Io1 39; 
lige 42 107, . 5, 70), 127, 92 | 4%, 42, 42, 42, 
46 130, 53, 68, “69, 128 | 43, 47, 47, 47, 47 


48 129, 15, 60, 20, 35 | 47, 48, 48; 40) ©40 
VI 51 94, 54, 106, 102, 13 | 40, 40; “SI, 52). 52 
iis, 54 138, 78; O35 L108 141 53505450 54s ore 
59 93, 115, 34 59, 301458, 58, 50, 59, 60 

61 54, 103, 105, 2; 104 | 60, 60, 60; 625° 62 

VII 66 TLS, 82, 130, 670; 32 (05... 06, 00,507 mOS 
ets way 73 3350 32) $5S— 55; SONOS, s 072 ,me oem Ap m0 
79 Sz, 26, 317, 50, 575) 76,70, 70, "So, 23s 


* Areas of Groningen fields 15’ X15’ for latitudes less than 40°; 20’ X20! for higher latitudes. 

aan Rpg rene indicate negative latitudes. The position used for the galactic pole is a=12 41™ 208, 
intervals, Mount Wilson and Groningen results and each of groups 
I-VI being treated separately. Finally, the Mount Wilson and 
Groningen means, the agreement of which affords a useful check, 
were themselves combined to form for each latitude group a single 
mean sequence of values of log R. The values actually required for 
the completion of the counts are given in Table IV. 
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The values of log R, being first differences of the ordinates of the 
log S curves, can be used to extend the curves terminating at 17.0, 
17.5, and 18.0 to the uniform limit of 18.5. Thus again for Mount 


TABLE III 
FREQUENCIES OF Limits TO WHICH ORIGINAL Counts ARE COMPLETE 


& Mount Witson GRONINGEN 
AL. 
Grour LATITUDE 
27.0 | 57.5 | 18.0 | 18.5 | r7.0°| 27.5 | 18.0 | 18.5 | 19-0 
lbs CORN ace o%-10° | o 2 8 9 fo) I Saar ° 
Ne Atascadero ls oe Io -16 I 2 6 aa ° 4 9 6 I 
WER a 2 Se ee 17 —26 I i) ate) 2 r: 2 9 8 ° 
WV irene fetes. ¢ 8 27 -36 ° 8 Io 2 ° 6 4 8 2 
Wiskra cserstaisty cia 38 -47 I 4 Io 5 ° 3 8 8 I 
BV iL eeiec net cece: ce osc 47 -60 ° 7 9 4 ° 8 be) 2 ° 
INTE asin attest 2% 8 60 —85 I 3 14 2 ° I II 5 3 
Ovals teyste stellt os cee Aw \esaue| 07, lh I 25 SO eA 7, 7 


Wilson, group I, the last ordinate of the log S curve for the eight 
areas complete to 18.0 is 3.53, which is the logarithm of the total 
number of stars in these areas having magnitudes between 17.5 and 


TABLE IV 


VaLues oF Loc R Usep To CompLtete Counts 


m 
Group 

17.0 17.5 18.0 

Se eeaace heater o.IS5I ©.I4I ©.130 
Ul errs care etc 160 -149 138 
INO arene aoe 138 .130 120 
PV AS scisots a5 issess 122 aad 105 
View tersiais aaests ss r16 .107 096 
NWA aa <cctiie's 109 . 100 092 
WD Tie paseo uc ans 06 0.108 0.100 0.093 


18.0. Applying now log R=o.13, from Table IV, we find for the 
interval 18.0-18.5, log S=3.66. The total number of stars in the 
eight areas having magnitudes in this interval is therefore 4570, 
which is the ‘“‘completed”’ total for this particular subgroup of areas. 
These stars are now to be distributed among the individual areas 


399 


18 SEARES, VAN RHIJN, JOYNER, AND RICHMOND 


in accordance with the totals counted in each area to the ‘‘observed”’ 
limit of completeness, namely, 18.0. The details are as follows: 


SeAmINGia es oer 1 ee 64 49 8 18 AI 39 Total 
INGE eite jy csveus 1558 1077 2380 955 765 997 1412 1638 10782 
iractione. 0.145 0.100 0.220 0.089 0.071 0.092 0.131 0.152 1.000 
N38.0-18.5 + +--+ 663 457 I005 407 324 420 599 695 4570 


The numbers counted in each area to 18.0, as found from Table 
Ia, are given in the second line, while their fractional distribution 
among the total of 10,782 appears in the third line. The numbers in 
the last line give the corresponding distribution of the 4570 stars in 
the interval 18.0-18.5. These are the completed counts for the 
individual areas, and together with similar results for other areas 
are collected in Table V. 

Systematic correction for central stars—The original counts re- 
quire a correction arising from the fact that each field is centered on 
a bright star, usually of the eighth or ninth magnitude. The areas 
measured are, however, so small that a random choice of fields would 
by no means always include a star of this order of brightness. For 
example, suppose all the central stars were between magnitudes 8.5 
and g.o, and that all the fields were exactly 4 square degree. Counts 
of the central stars alone, on the assumption that the fields were 
representative, would then give 9 stars per square degree between 
8.5 and 9.0, whereas the actual number for all latitudes averages 
less than a single star. The counts for the interval in question and 
all the cumulative sums to lower limits of magnitude would be too 
large by about 8 stars per square degree. The percentage error for 
faint magnitudes, especially in rich regions, is small, but this is by 
no means the case in general. Thus to m=15.0, in latitude 70°, the 
average total number of stars per square degree is about 100, and 
the systematic error would accordingly be 8 per cent. 

The required corrections have been calculated for each area on 
the basis of the adopted mean magnitude of the central star and the 
distribution table of van Rhijn, Groningen Publication No. 27, cor- 
rected for scale, which, for the region of brightness involved, is 
practically identical with Table XVII, the final result of the present 
discussion. The corrections, referred to an area of 1 square degree, 
are in the last two columns of Table V. The magnitudes of the 
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TABLE V 


CoMPLETED COUNTS AND CORRECTIONS FOR CENTRAL STARS 


19 


M.W. Gr. 


Corr. FoR CENT. STAR 


Mac 

S.A [Si 2 Se Tey | eT CENT. Gat. Lat. 

17.5-18.0| 18.0-18.5 | 17.5-18.0] 18.0-18.5 STAR M.W Gr. 
Tse 48 62 23 30 7.27 +28° 8.5 15.9 
ar 195 BG Rei eal eno Sire 118 9.95 +13 6.4 13.8 
Bi III TAG A Ol eranccs & 75 8.51 met | 8.0 15.3 
4.. 50 64 22 29 9.94 +32 7-4 14.7 
Be an 38 28 36 9.35 +42 8.0 8.4 
On 43 56 21 28 10.49 +36 6.9 14.2 
a* 102 135 58 76 10.23 +20 5.9 13.2 
Panay | sets Steud) © Ro AMaNWreyrey,. yar | eektec's exes 8.84 — 3 7,6 14.9 
UME eee Wisin medion |(o « Selene] s scl oclee s 7.63 + 2 OES 15.6 
LS et eee A nee 70 99 8.89 —L3 vfeee. E52 
ey 57 GAO» AK NE Aes bree Soe rage 8.30 +26 8.3 T5.7, 
eRe 24 30 18 23 8.64 +41 8.2 8.6 
arabia |lletevtie’ «0 TOU Weraevtnevecs = 25 7.83 oe 8.5 8.9 
TAs 24 20 ON 27 I0.50 +57 6.6 6.9 
nt tee 28 a5 32 40 9.98 +48 yhsyT 8.0 
RO 51 66 27 34 9.16 33 7.9 The 
114 Joe al en ee ns ae OTA etsemeerat st ena a nraye 9.05 +19 7.6 14.9 
Ths A a PE eR AO |b cn Rte « 225 10.08 + 6 4.1 II.4 
TO} Gece [Ed OOS Oa PREIS EE REIN See a aacan 133 9.36 = iT 6.8 14.2 
BOmRer | 7 ehiiess « castors Wl ae ary eae 81 8.97 —18 8.0 E53 
remeber tite rrarere | vee evayretacs |'s, vcr Wee Sie 95 10.03 —17 5.6 13.0 
OPEL Sal edi GO] aera 119 168 8.77 —13 7.8 15.2 
Pes Reet etarats larerem | Gores cakes suis']/ = supRere falc |i ae, etanns 8.83 — 7 vg 15.0 
eM ye ederea alt skchecs vis! s)|la yoke awe’ sl| eas aalerots 10, 28 ° 3.8 Trs2 
mei trac (awit vierars | w 9, erhsisame « IOI 9.29 + 8 ff 14.4 
BUREN crete ae PAV eee bon testers \e-enreeriate 10.47 +18 ef 13.0 
27a 56 FMW hash sts las cous, eee 10.40 +28 6.4 13.7 
BS arca|P'si ss suteans AN Se cle scale e viokereee 10.50 +39 5.9 T3353 
Ome si ncten kee LG Melo be si Ses 21 8.78 +49 8.3 8.6 
ROME house ere cle TO we |e hehenek: 16 10.4f +60 7.4 7.7 
3. 16 Toy. ed (ae 20 9.49 +68 8.2 8.5 
PAOe ep be eee Tisai |S sadtete acer: 17 9.71 =-72 7.9 8.3 
aay 18 22 26 32 9.40 +68 8.2 8.5 
Bale 24 20 23 28 9.63 +59 7.8 roy 
35: : 39 48 39 47 10.85 +49 6.3 6.6 
BO se re lin (soe 7 Cam tt eee er 23 9.34 +39 8.0 E532 
UF ited sya) suene i OS) |Seoscaws 48 10.58 +28 BO £23 
AS SS Fare 228 92 122 9.71 +18 6.8 14.1 
SO Rye lisse ssc aioe OOSMa acon see 370 9.16 +9 Fi53 14.5 
40.. 207 AOTem-|soaseer 223 9.84 fe) 5.6 12.9 
RS gl elon tecterone SO0w Eaikcnceae 321 10.06 — 8 4.4 Eley, 
MIR | hrcntaciars & 338 146 206 8.3T —13 8.2 Ls 
Bae en te arom Streaks wens |'sechaal acai 6 IIo Io.10 —16 SAS 12.8 
CA ny DO RI Care ar OA lees aeare 29 8.96 —32 oe 15.5 
eee 53 ae eee foal |clapatem on 9.00 —32 7.9 Done 


S.A. 2 M.W.14r Gr... 
7 76 43 
33 I4 ae 
84 63 


¢ Combined brightness of components, 
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20 
TABLE V—Continued 
M.W. Gr. MUNe. Corr. For CENT. STAR 
S.A. CGS ony | CIN ed BI a ae 
17.5-18.0] 18.0-18.5] 17.5-18.0] 18.0-18.5 STAR M.W. Gr 
Nios Gel BBacac sd tyec tee ee pause Sood) pc stccw 9.51 —27° WPOe 14.6 
7 Perera IOC 285) leer lee aero ote 7.46 —21 Se5 15.9 
Votes cyt ea Cee OER a btcas oeEOe| Prow.cciGeec (6:0) 2) |) ro" | ee |e 
AOeyerllareutaniese AOYe | ant Gtea| Peeee are 9.90 —=2 5.8 TS. 
To, Sans Poot caod Paeaonoa Davo rood ls opdas 4 8.55 -+Io 7.8 I5.2 
Piece) Sen agor T3200 P| Sects sere tater 10.71 thee 4.6 12.0 
Ron okol Be noosor AG) | acegoeee Aerts 8.53 +34 Coa 15-5 
Pe iceiol bron Gee oh) acento i) enereects aes 9.61 +47 7.6 8.0 
i? Bgcrol Gano oe TA.” (| ise tae eerie re 10.23 +60 7.4 ey} 
FC coed Ree decenctcm si eae Steer cis fore 12 10,08 +74 Was 7.9 
RG ecm) ete tee eae QO%.  llereseyerstors «ll aero toate 10.13 +80 7.6 8.0 
Crs anal Peranecee: Pen) (tess kere etter oct Q.O1 +85 8.2 8.6 
eh Neca Sree ciao a DAG Puree 21 9.72 ariis 8.0 8.3 
By ee | Sector Boe Means: 33 9.42 +59 8.1 8.5 
ote J Aural Ke ie Oe 32 31 38 9.50 +48 Chat 8.0 
Tice Fd ete ae GG.) || Sstorteratetn |e aeerenc 9.56 +34 7.4 14.7 
(oy Fe Aenea ereraee eee 222° laine dae 106 8.36 +23 8.3 15.6 
GS toe eia | rons ae are ie 2 esc,| atitemveetess 328 9.61 +10 6.2 13.6 
G0] Ieee TOOS'# bi orice 479 8.31 —1 8.0 05.3 
yo A351 PaO ica Oe pao tol rani oc0n 9.45 —I2 Vee 14.7 
66. 130 TSO") Wi rontten ete fae enero IO.10 —20 5.9 3.2 
5G Meee Veer ls esis avant Meine ans ebeea ern ec Nate ee 9.67 — 28 a 14.6 
OS Sac |aoneees,c BQ Fils gieurwecicte 31 9.08 —47 8.0 8.4 
7576 enc rere NOS tear aoee teal A catyeateal eactete che one 8522 —47 8.4 8.8 
FO. 21 BO o Nelswe eee 23 8.20 —42 8.4 8.8 
Wy Dwenietsi| laces e 8) «i BAI Al cccrtenve oe | ace eras 9.74 —34 7.4 14.7 
72. 41 eal PS 49 6.89 —24 8.6 I5.9 
PRC Pp Oearac TOS 6 Weert 118 © 8.34 — 12 OnE I5.5 
Wf res oo ao armicaten Are | a taste Wiest | (oreo retanee ell maar’ 8.89 +1 7.6 14.9 
WE isaalalNierea die oe 7 eM [oe arene 136 9.62 14 6.5 13.9 
WOM nal sptecats ae Pa mene arial ajc 10% 9.57 +27 Hine 14.6 
ice tesarroe CF Mathes rusal Rereeco ne 8.66 +39 8.2 15.6 
ee OPC C Ce T7?  Gsece Merwe» 22 9.58 = 54 7.8 fae 
Tone 15 TSM paeerearten 21 9.60 +67 VIE) 8.2 
BO fate e lsc er cle Ete a toch er date 19 8.53 +76 8.4 8.7 
Si. 14 1 ty gale Pat ete aie got 20 10.29 +76 7.6 7.9 
Oe eed | rises sie FOR Al terete alot 28 9.74 +66 7.9 853 
BS wera sere srere ce Bay | Sobers ete 31 9.25 +54 8.1 8.4 
Sato 79 rove We (ae ee PSA Orc 8.82 +40 8.2 8.6 
Oar aon ses sisskeiats 148 56 72 9.37 27 a0 Si 
OO deal ateeie cae apeiron eemerte | careers 10.49 +15 5.4 2.7, 
CY (Ag PC eA Boric mere Dr Mecnacen in ear at 9.66 + 1 50 13.0 
le hpaeed BMee re beel Pree cel [oaeatcra tl mah eek 8.82 —12 Wheres i523 
80 ae nin eae es TOOT Vitocsiesen | aera ete 8.70 —23 8.0 15.4 
soy auras EAs AO SEND nora eee Pa 9.04 — 34 79 T5.2 
Ee An o| MOEA Od lade maRACRA molar ore jo Uroccs 8.86 —43 8.2 8.6 
Oy Pee rd IC rrristicd Bre rit ice inarien iat fe aoa eae Q.24 —62 8.1 8.5 
Odie viral watere sail omer recoteenfinn o peters 21 I0.10 —58 a way 
OA eta ci aia.atet ete teGere | pio 18 10.58 —49 Ons 6.6 
CVE rojas | sxeisisiei Maia eve hereon | niattotden amie eee 0.34 —38 8.0 D553 
0 Oe (ENE MBP be Peeee Se (Ra ntesera foes Rei eth 9.46 —25 7.8 roe 


t Approximate magnitude. Too bright for measurement. 
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TABLE V—Continued 
eee ee ee eee 


M.W. Gr. Mac: Corr. For Cent. STAR 
S.A an CENT. Gat. Lat 

17.5-18.0| 18.0-18.5 | 17.5-18.0| 18.0-18.5 STAR M.W. Gr. 
BYfo oy) bach ane pacts etal ORR RPE eee 6.81 sane 8.6 15.8 
98 497 670 269 363 7.92 + I 8.3 15.6 
99 358 505 146 206 9.81 —-55 6.6 13.9 
100 81 IO5 36 47 9.27 +28 7.8 TSaD 
HIS «5.5 Roche ROY [Oe CRE IRIE Se Q.42 +41 8.0 8.3 
EOD amet lives cee 2 aa eicreaee eed 29 Q.12 +52 oer 8.4 
OS sey sail a acter ches ZI NN Pavsee ors | ae 8.94 +60 8.3 8.7 
OA eitjei ibaa vaca iake 2 Domestic sk: 29 10.89 +62 6.8 ror 
HOSS nuttel lock wears BEG) Yeusishe sites | 5 o-mersices 9.74 +60 7.8 8.2 
106 31 39 28 35 10.65 +51 6.5 6.8 
EO rererae [bere ove ace f ~ Ifo Healt case ohecae 54 8.04 +41 8.4 8.8 
BOS metas flee ieyes 2 DOO MM eee carts 70 9.37 +28 7.8 Tot 
TN) ated aeal| ePitare feet, | cPeneaiasiace | sie sous ete 5.) ¢ c.w ayscn 9.08 +14 hee 14.8 
TLE). chee facts Bolero [PacySlo Grrl POERORE aoe! aBeae aeaee 10.31 came 4.0 11.3 

TENS) eee ISR lee Parc ee ae 283 (7.0)f TT) eh een 
Tete. el Risen Ga. SIRS oh aay 93 9.56 25 Fae 14.5 
MDs eee | nsec etna femmes ailrove) lerataceis |aisiote «ci. 9-33 —38 8.0 Res 
114 36 BA tetas eins 42 9.64 —49 Chey fale 
at sememtetes | mesma: [ahah ers oie a ors ioieesists = Wiehe tee cevise' 9.66 —58 7.8 8.2 
el Ova eeann’ | syst cw esa sas eS me Nae eects | ot ec crore 10.28 —76 7.6 7.9 
ony merere iaretepracteces Leta xi eexciate| istete eicts.s |p «wes sete 10.21 —76 7.6 7.9 
EL Olarvars |idiece ses ss. 23 T Nee eg sveistes 20 8.96 —65 8.4 8.7 
LOM epeva| cereals oe 18 17 21 9.13 —54 8.1 8.4 
ZO Wese'|lsapeter ns ASE Vecctiis aon 40 10.22 —40 6.9 Ae: 
I2I 56 WS aaa crofas cide 37 8.41 —26 8.3 E537 
HOD}, eo) eee BEDE I laces: 155 Q.02 —13 7.4 14.7 
Oar | ennsis «es GOST Si uslerresisals sae deo 8.05 ° 8.0 15.3 
MOAR evel cciseavae's BORE ere 193 10.55 +12 2.9 10.2 
I25 QI 120° leases 63 9.28 +24 GPE 15.0 

Bee OMe ell conte es | Padre eee || eee cae (7.4)t Saw all vente eetn | ieee ts 
127 41 50 33 41 9.31 +42 8.0 8.4 
1 ote SOS eene ile ea bee 40 9.38 +47 8.1 8.4 
129 32 FAS taal biznes RA Oe 9.30 +47 8.1 8.4 
eA ren cts [onic a5 lame leach cistenece 50 9.04 +43 8.1 8.4 
131 64 2 wee serene 39 8.86 +34 8.2 TSe5) 
nS acl es eo PLZ I [en ete 6r 8.10 +24 8.3 15.6 
TOE aa Natl eee shel i re eee oe be ae iC 10. 26 -F12 SPR! 12.4 
TP lhe eyed (Pee een Ae WO. 3 bats 285 7.79 ° 8.3 15.6 
135 905 DOF = lasers 749 9.42 —13 7.4 TAs 7 
136 I55 204 04 124 8.62 —26 8.1 15.4 
17 nae eee aCe GO" ike sown 71 9.06 —=39 8.0 T5533 
TES B.S | OSCE OO oS 31 38 9.95 3 7a Siok 
MSOs sail cross tee eas BOM lecece tens 19 9.99 — 66 7.9 8.3 


central stars and the galactic latitudes of the areas appear in the two 
columns immediately preceding. In a few cases the central stars are 
doubles; for these the combined magnitude of the components, 
counted as a single star, has been used. In two or three instances the 
central star is too bright for measurement, and has not been counted. 
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As an illustration, the calculation of the corrections for S.A. 1 
follows: The magnitude of the central star falls in the interval 
7.0-7.5; the latitude is 28°. From Table XVII,* log N,;=9.484, 
log N,,.=9-261. The average number of stars per square degree in 
the interval is therefore 0.123. The reciprocals of the areas, in 
square degrees, of the Mount Wilson and Groningen fields are 8.666 
and 16. Reduced to unit area, the counts will therefore be in excess 
by 8.5 and 15.9 stars, respectively. These numbers accordingly 
appear in Table V as corrections. 

Collection of data for 28 latitude groups.—The derivation of Table 
VII will now be understood from the following details relating to the 
first latitude group, which, as shown by Table II, includes Areas 
24, 40, 123, and 134. The sums of the counts for these areas, formed 
from the data in Tables Ia and Id and the completed counts in Table 
V, are given in the first two lines of Table VI.2 Below m=13.0 the 
sums refer to half-magnitude intervals for which the column heading 
is the lower limit. The cumulative sums are in the third and fourth 
lines, and their logarithms, reduced to an area of 1 square degree, 
in the fifth and sixth lines. The constants for reduction of the 
logarithms to unit area are 


log (8.666/4) =0.336 (MW); log (16/4) =0.602 (Gr). 


The corrections for the central stars are most easily applied with 
the aid of subtraction logarithms. The total excess for the four 
areas, from the last two columns of Table V, is 25.7 for Mount 
Wilson and 55.0 for Groningen. The logarithms of the corrections 
are, therefore, 


log (25.7/4) =0.808 (MW) and log (5.0/4) =1.138 (Gr). 


Combined with the fifth and sixth lines, these give the corrected 
values of log N,,, which are the final results from the Mount Wilson 
and Groningen counts. The means of the corrected logarithms’ 


* For convenience, this table is used for the illustration instead of van Rhijn’s. 


2 In combining the Groningen counts for the group at 40° an obvious modification 
is necessary to take account of the change in the area of the fields at latitude 40°. 

3 Strictly speaking, the logarithms of the mean of the numbers should be used; but 
the numbers are so nearly alike that the difference, even when appreciable, is un- 
important. The distinction is that between the arithmetical and geometrical means. 
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appear in the first line of Table VII, and their differences MW —Gr 
in the first line of Table VIII. 

The counts for one area (No. 110) have been omitted altogether. 
The region is in Serpens, between the two branches of the Milky 
Way, and so heavily obscured that its inclusion would have affected 
the mean density seriously. 


TABLE VI 


DETAILS FoR First LATITUDE Group TABLES VII AND VIII 


13.0 tas5 I4.0 14.5 I5.0 535 

VWs sis iete cos 99 43 54 102 I51I 240 

Counts \Gr Lae eaten. 63 26 34 58 79 127 
Cum. e Wares x 99 142 196 298 449 689 
sums GL cores 3 63 89 123 181 260 387 
VS Wie cei eats 2882 2.488 2.628 . 810 2.988 3.174 

Log Nm ‘Cn eile easier s 2.401 25ST 2.692 2.860} 3.017 3-190 
Corr. oe IW rerentetecanre 2.310| 2.479) 2.621 2.806] 2.985) 3.172 
korea oe Cs ea a ac 2.277| 2.534) 2.680) 22852] 3,0rr| 3.186 
Mean table VII.......... 2.348] 2.506] 2.650) 2.820] 2.998] 3.179 
iti ta bles VLU sara 8 =: —0.058] —0.055| —0.059] —0.046] —o0.026] —o0.014 

16.0 16.5 17.0 17.5 18.0 18.5 

MES Wistroe.stereiats 315 550 674 813 IIIo 1700 

Counts a. Bie dyave eee 189 296 410 526 702 976 
Cum. ‘ce Wetec atGe 1004 1554 2228 3041 4151 5851 
sums (GT ee eee caat cid 576 872 1282 1808 2510 3486 
DVIS nsrcsiae 338 2 68. 81 ae) 

ee Ny { 3-338] 3-527| 3-684} 3.819) 3.954] 4.103 
BNE i Sones 3.3021 3.543] 3.750] 3.850] 4.002] 4.144 
Corr. ice SWisivereten aie 3.337) 3.5261 3.6831-—a.8r0| 3.9054] 4.103 
NORM Niow aie view vise aee 5 Bossoll Bust 3-709, 3.858] 4.001] 4.144 
Mean table VIT.........- 3-348] 3.534] 3.696] 3.838) 3.978] 4.124 
Diteetable VELL Aes...) ss —0.022] —0.015| —0.026] —o0.039] —0.047] —o.041 


The differences in Table VIII afford a useful check. If the 
fields and the observed magnitudes for the two series of counts were 
the same, these differences would be zero. Actually, neither of the 
conditions specified is wholly satisfied, and appreciable systematic 
differences are to be expected, especially for small groups of four or 
five areas; but, as a whole, the two series should agree closely, as 
in fact they do, except for a small but persistent systematic differ- 
ence. The mean differences for latitudes 0°-20°, 24°-42°, 46°—79°, 
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and o-79°, given in the last four lines of Table VIII, show no 
progression either in latitude or in magnitude. The mean, Mount 
Wilson minus Groningen, for all latitudes and magnitudes is 
—o0.007. Interpreted as a difference in zero-points, this corresponds 
to 0.02 mag.; as an error in the areas of the fields, it corresponds to 
a systematic difference of about 10” in the diameters of the fields 
of one series relative to those of the other. 

Provisional mean distribution from the “Mount Wilson Catalogue.” 
—The combined Mount Wilson and Groningen counts in Table VII, 
although mean values for five widely separated regions, are still 
much affected by local irregularities of distribution, which, in the 
case of small fields, are frequently a large percentage of the total 
star density. A further step toward the mean distribution was made 
by plotting the data in each column of Table VII against the corre- 
sponding latitude. The resulting curves represent the variation 
in log VN, with galactic latitude for each half-magnitude value of m 
from 13.0 to 18.5. These are reproduced in Figure 1, which shows 
the character and general order of the irregularities in the data of 
Table VII. The deviations for any given group of areas are naturally 
much alike for all the curves. A conspicuous case is the group for 3°. 
Special examination shows that all the fields are more or less ob- 
scured, which accounts for the persistently low density evident for 
all magnitudes. The fluctuations from group to group for any given 
magnitude are, however, accidental, and of such a character that the 
variation in log NV, with latitude is well defined. Thus, inspection 
of Figure 1 shows that a separate plotting of the data for alternate 
latitude groups in Table VII would have led to curves practically 
identical with those found from'all the groups. The irregularities 
affecting the individual groups are still better shown by Table VIIa, 
which gives the deviations from the adopted mean distribution in 
Table XVII. 

To eliminate errors in the spacing of the curves of Figure 1 
their ordinates were tabulated with values of m as argument for 
each 1o° of latitude and adjusted until the first differences became 
regular. The smoothed ordinates for the interval m=13.5 to 18.5 
are in Table IX, which represents the provisional mean distribution 
derived from the Mount Wilson Catalogue. 
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.2 
Fic. 1.—Observed values of log Nm for different galactic latitudes and magnitudes. 

Points are from Table VH, based on the Mount Wilson Catalogue of Selected Areas; 

circles represent counts from the Harvard-Groningen Durchmusterung. The curves are 

the basis of Table IX. 
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Local irregularities have now been rather thoroughly eliminated. 
Any residual effect will, however, be systematic, and is most likely 
to appear in the brighter magnitudes and in low galactic latitudes. 
The number of stars counted to the brighter limits of magnitude 
is small, even in the Milky Way; and in low latitudes the distribution 
in galactic longitude is not representative. Thus for latitudes less 
than 13° no counts whatever are available for stars fainter than m= 
13 between longitudes 190° and 350°. This is an unavoidable defect 
in the data. The order of the uncertainty will appear later when the 
results are combined with those from the astrographic zones. 


TABLE IX 


SMOOTHED VALUES OF Loc N,,, From TaBLe VII 


m °° 10° 20° 30° 40° 50° 60° 70° 80° 90° 
DSS sasha Wass vues 2.445 | 2.210 | 2,047 | 1.924 | 1.817 | 1.716 | 1.632 | 3.562 | 1.504 | 1.469 
MAGS EN cle isis tayaisls aise 2.629 | 2.414 | 2.233 | 2.007 | 1.98r | 2.874 | 1.786 | 1.713 | 1.656 | 1.624 
ave neue Oenaer 2.811 | 2.615 | 2.415 | 2.266 | 2.140 | 2.026 | 1.935 | 1.861 | 1.805 | 1.774 
DDE Ones eielt sees res 2.990 | 2.813 | 2.504 | 2.429 | 2.295 | 2.174 | 2.080 | 2.003 | 1.948 | 1.910 
SR hig nen ntvei« 3-166 | 3.007 | 2.768 | 2.586 | 2.444 | 2.318 | 2.220 ] 2.142 | 2.087 | 2.058 
PO Gwirer ais sp res 3-340 | 3.107 | 2.037 | 2.740 | 2.587 | 2.458 | 2.356 | 2.275 | 2.220] 2.103 
ek Uae ea 4.510 | $.381 | 3.5Or | 2.887 | 3.727 | 2.503 | 2.488 | 2.405 | 2.349 | 2.322 
EVO Mer tek esa sieless 3.677 | 3.557 | 3-260 | 3.027 | 2.861 | 2.724 | 2.616 |] 2.531 | 2.474 | 2.447 
Ripia ipretinyarar cieisve vara 3.841 | 3.727 | 3-413 | 3.161 | 2.990 | 2.852 | 2.741 | 2.655 | 2.594 | 2.567 
TSHOmeewecswieu seis 4.001 | 3.890°| 3.550 | 3.289 | 3.114 | 2.075 | 2.863 | 2.775 | 2.710 | 2.682 
TSies ratio cies sp.n.0%e 4.156 | 4.045 | 3.699 | 3.410 | 3.232 | 3.093 | 2.980 | 2.891 | 2.822 | 2.792 


Comparison with the ‘Harvard-Groningen Durchmusterung.”— 
The Harvard-Groningen Durchmusterung of the Selected Areas gives 
the magnitudes of about a quarter of a million stars brighter than 
the sixteenth magnitude in the 206 Selected Areas between the North 
and South poles. The fields are 40’ X40’, 60’ X60’, and 80’ X80’, 
according to the galactic latitude, and hence, on the average, some 
ten times the area of the fields of the Mount Wilson Catalogue. 
When the scale corrections for the areas south of declination — 15° 
are better known, the Durchmusterung will be especially useful in 
deriving the distribution in the southern sky. Scale corrections for 
the areas north of —15° are already available,’ and this part of the 
Durchmusterung might have been utilized in the present discussion. 
In fact, it has been used to some extent in extrapolating the curves 
of Figure 1 to 90°, but chiefly in a comparison of results for the 29 

t Seares, Joyner, and Richmond, Mt. Wilson Contr., No. 289; Astrophysical Jour- 
nal, 61, 303, 1925. 
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areas in the first two and the last four latitude groups of Table VII. 
The relatively large fields of the Durchmusterung undoubtedly 
would have smoothed out some of the irregularities appearing in 
Figure 1; but the comparison shows that the mean distribution 
defined by the curves themselves would have been little affected. 
Figure 1, in which circles indicate data from the Durchmusterung, 
also shows the agreement. 

The stars in the 29 areas were counted for half-magnitude 
intervals in the usual manner and summed to m=15.5 or 106.0, 
according to the limiting magnitude. Curves derived by plotting 
the logarithms of the cumulative sums against magnitude were then 


TABLE X 


Comparison OF Loc N,, ror Mount Wilson Catalogue AND Harvard-Groningen 
Durchmusterung. (Cat.—DM.) 


Group 13.0 13.5 14.0 14.5 I5.0 E5x5 16.0 16.5 17.0 17.5 

Oveus ceekiaslae ate +o0.05 |+0.02 |}—o0.02 |—0.02 |—0.03 |—0.03 |—0.02 0.00 0.00 |—0.05 
Dy Aaatesern sts iorerteie 02 02 fete) or {+ .or |— .02 |— .or |+ .or or 03 
Ol seh isha eee + .06 |— .02 |— .or [+ .or |-+ .03 |+ .03 [+ .or 00 |+ .or 00 
Gis ako eas ova rk — .02 |— .02 |— .06 |— .06 |— .07 |— .06 |— .06 |— .03 |J— .04 |— .02 
5 EE a Ie Ir I5 Ir -II |-+ .08 |+ .02 |— .c4 J— .03 |— .05 |— .09 
IO tao k taie #9 03 —o.18 |—0.08 |—o0.02 |—o.o01r |+0.02 |—0.02 |—0.02 |—0.04 |—0.02 |—0.03 
MOON. vinzs « +o.o01 |+0.01 0.00 |+0.01 |+0.01 |—o.01 |—0.02 |—0.02 |—0.02 |—0.03 


corrected graphically for scale error by means of Table ITI, Contribu- 
tion No. 289, and extrapolated to m=17.5. The ordinates read from 
these curves, reduced to an area of 1 square degree, gave values of 
N,, for each area which were then grouped into means according to 
Table Il. Finally, the logarithms of the mean values of NV, were 
compared with the corresponding values of log Ni» in the first two 
and the last four lines of Table VII, with the results shown in Table 
X. In view of the difference in the areas counted, the agreement is 
satisfactory. Even the large systematic differences for the group at 
73° represent irregularities of only a few stars in the counts from the 
Mount Wilson Catalogue. The mean differences for the six groups are 
small, and show that the adopted distribution would have been 
little affected by including counts from the Durchmusterung. 

An important result of the comparison is that the differences in 
the last three columns of Table X, all of which depend on an extrap- 
olation of the Durchmusterung counts, are comparable with those 
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in the other columns. The possibility of such an extrapolation is 
used later to extend the mean distribution table to the twenty-first 
magnitude. 


3. CORRECTION OF VAN RHIJN’S DISTRIBUTION 
TABLE FOR SCALE ERROR 
Table IV of Groningen Publication No. 27 plays an important 
part in the determination of the distribution of stars brighter than 
m=13.5. For the stars fainter than m=10 this table is based on 65 
northern Selected Areas of the Harvard-Groningen Durchmusterung. 


TABLE XI 


RepuctTion oF Tastes II AnD IV, Groningen Publication No. 27, To 
INTERNATIONAL SCALE 


Gr. 27 Mag. Scale Corr. | Corr. Mag. Gr. 27 Mag. Scale Corr. | Corr. Mag. 
Ar Omterevate sia >< —0.08 3.92 BONG iie tar acne ars +o.39 10.89 
Aa Siteciats ssa odie — .08 4.42 eT Otate vo estates .40 II.40 
Omer e seuss — .07 4.93 Toute ee .40 II.90 
ER eclacio ay. cis%ais — .05 Sah Pee Otis oben .40 12.40 
Oh Onsnichie sean .00 6.00 LEAN Oo er ae .40 I2.90 
phi e ehawsicraekeyecs.ks3 + .05 On55 BB One ct eatciatiant .38 13.38 
PAG He 3 EEE sie) ones! 7.10 YO hers CaO A cack 36 13.86 
TMB, Wisi tleresss tales “peeks 7.65 FAcOs emit riche 133 14.33 
Rent tete rece = 3 ==) 20 8.20 Ca Giterenotintuees -30 14.80 
SURED tere Renate A cokes 4 mee cea S75 Lia Osrainya we eionaene 27 TR e27 
Oe rom ees, S10) oi «20 9.29 ERG usr sees 28 T5e72 
ORE crertiele wotis.«csis ste 33 9.83 TOO sotera'c ate stare +0.16 16.16 
EO Ociiaei'< © oie, oo +o0.38 10.38 


For stars brighter than m=5.5 it depends on counts from Harvard 
Annals, 50, reduced to the photographic scale by correction for 
color-index. The Géttingen Aktinometrie was used to cover the 
interval m=5.5 to 7.0, and Greenwich astrographic magnitudes 
from m=6.5 to 8.5 (latitudes 10° to 50° only). The remaining 
interval in the scale of brightness was bridged by interpolation. 
Below m=1o the scale correction to the magnitudes of van 
Rhijn’s table is that given in the first column of Table IV, Contribu- 
tion No. 289, while for m<6 it is that of the Harvard visual scale, 
given in Table II, Contribution No. 288," modified by a small color 
equation which may be neglected here. The Greenwich astrographic 


t Astrophysical Journal, 61, 284, 1925. 
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magnitudes are on the Harvard photographic scale, for which the 
reduction to the international system, in the region in question, is 
similar to that for the Harvard visual scale. The Aktinometrie has 
little influence on the scale error of van Rhijn’s table, and may be 
disregarded. 

For practical purposes we may adopt the corrections specified 
for m<6 and >10, and cover the interval m=6 to 10 by interpola- 
tion. The results, smoothed by 0.01 or 0.02 mag., are in the second 
column of Table XI. The corrected arguments for van Rhijn’s table 
are in the last column of this table. 

TABLE XII 


TABLE XVII Minus Groningen Publication No. 27, TABLE IV, 
CORRECTED FOR SCALE : 


m oo Io 20 30 40° 50° 60° 70 80° 90° 
Senay Seen ene +o0.03 |+0.02 |—o.or1 |—o.or |—o0.02 |-+0.01 |+0.01 |-++o.01 |+0.0r 0.00 
ROM Ies ox Caves .06 .03 .OL |— .03 |— .03 .00 .OL -or |+ .or .0O0 
Eee ainda ens .06 -02 -03 |— .03 |— .03 .00 .00 .00 |— .or .00 
ep AO eR fe .O7 .00 -05 |— .03 |— .03 .O1 .00 .00 |— .or .00 
Tae ey eae aeioe & .09 .00 .05 |— .02 |— .or -04 -03 -00 |— .02 |— .03 
9 tees Aa Mage ge re -13 .02 .03 J+ .or [+ .04 .08 +03 .O2 100 .00 
Serie apie rae aa 225 -05 or |-+ .04 |-+ .06 .07 .05 .02 fore) .00 
LET Cac og ee OORT EC +o.17 |+0.07 |—0.03 |+0.02 |+0.04 |-+0.05 |+0.02 |-+o.0r |—o.or |—0.01 


Van Rhijn’s table thus corrected was compared with the pro- 
visional mean distribution for the interval m=13.5-18.5, derived 
from the Mount Wilson Catalogue and givenin Table [X. No serious 
systematic differences were found outside the Milky Way, from 
which it was inferred that the corrected table must also be near 
the truth for the interval m= 9.0 to 13.5, covered by the astrographic 
zones. ‘This inference was afterward justified by a comparison with 
the adopted distribution given in Table XVII, the details of which, 
in Table XII, are inserted at this point. 


4. COUNTS FROM THE “‘ASTROGRAPHIC CATALOGUE” 


Ten zones of the Astrographic Catalogue’ were used in 1917 to 
determine the galactic concentration in the interval m=8.5 to 12.5. 
The values of log NV, were necessarily referred to the magnitude 
scale used by Kapteyn, which even then was known to be seriously 
in error. Although the results confirmed the rapid increase in concen- 
tration with magnitude found by Kapteyn in Groningen Publication 

* Seares, Mt. Wilson Contr., No. 135; Astrophysical Journal, 46, 117, 1917. 
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No. 18, the absolute values of the density were approximate. With 
a reliable scale available, the method used in Contribution No. 135 
can now be applied very effectively to the abundant material from 
the Astrographic Catalogue for a determination of the mean distribu- 
tion of stars in the interval m= 9.0 to 13.5. 

Thanks largely to Professor Turner, counts for 33 zones including 
about 1,400,000 stars' are now available. The declinations of the 
zones, the observatories concerned, and references to the volumes 
of the Monthly Notices giving the results are collected in Table XIII. 
The counts are referred to the arbitrary scales of magnitude or 
diameter of images used in preparing the zones for publication. In 
using the material it is necessary to assume that a given scale 
reading’? always corresponds to the same magnitude on the inter- 
national scale. For various reasons this is by no means always the 
case. Differences in exposure time; in observing conditions, both 
accidental and seasonal; in the sensitiveness of the plates; and varia- 
tions in the measures themselves arising from subjective factors all 
tend to invalidate the assumption; but the material is now so exten- 
sive that in the mean these factors operate largely as accidental 
disturbances. 

The published counts, usually the numbers of stars in each hour 
of right ascension in successive intervals of scale reading, have been 
treated just as in Contribution No. 135, except that the exact area 
of an astrographic plate, instead of the approximation of 4 square 
degrees, has been used. Some of the original curves have been 
revised, and data for additional limiting magnitudes have been 
introduced in a few cases. Logarithms of the cumulative sums for 
an area of 1 square degree were plotted against galactic latitude for 
four or five limiting values of the scale reading, and smoothed values 
of log N» for latitudes 0°, 10°, 20°, . . . . were read from the result- 
ing curves. Known regions of obscuration, such as that in Taurus, 
were disregarded in drawing the curves. 

t The totals actually counted in the zones used, as listed in Table XIII, sum up to 
about 1,810,000. Allowance for overlapping zones reduces the number to that men- 
tioned. 

2 This term is used to designate the values of the brightness of the stars as given in 


the zones, irrespective of whether they represent readings with a comparison scale, 
diameters of images, or estimates of magnitude. 
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TABLE XIII 
DaTA FOR ASTROGRAPHIC ZONES 
: No. Plates 

Zone Observatory M pens Notices roars | per Hour 
SSG Ay teeters op tinea ce Vatican 
ele Siege oh exes ereissvens teeter ba Vatican 75,001 88 , 782 Io 
POO Ne ec cisieicleeievtisiste,s.s Vatican 
pe ONE Stet aiceancasie: visible: ors Oxford 85,471 69,332 Ps Onin 
Saotehne Lop o aoe Oxford 85,471 83,747 Tis 
m2 ays ie\ens, ale bs, Suelatie.toea Oxford 85,471 68,062 7,0,7 
mtr O Mer sre evnie/aic, wieheiateveters Oxford 75,405 70,141 TO 
mtDA Seer ctsfertre i ehee arsley ats Oxford 85,471 62,411 7,8 
Sb) sey s) ae tetoh kere 6 2vel sar Oxford 85,471 73,704 8,7 
sted Bi suatnd ccs gsiere thc eisisieers Oxford 85,471 76,402 7,8 
eld A seve er ann Wercia aarert Paris 83.365 |S anecoteey nv oayetdl eke ere 
st Bie sry) 3 wei etieiach ies elacre Paris 83,385 70,538 7,8 
2S tena, iarsisie ne mae Paris 83, 385 12,2058) Oni 
Spey ete are mele aeure Bordeaux 72,404 49,747 Hae 
PEO aiierens viele srpectass Bordeaux 79,130 40,183 8,7 
tT Be raw cciwiancieae einen ers Bordeaux 79,136 36,746 idestes 
SEAT A) sec) slaie eienseatane 5a Bordeaux 79,130 53,794 o7 
EPO acyis te selene divs o's.sheete Toulouse 76,149 35,700 See note 
Seo T hives e sie nls are sux.shs Algiers 72,700 ALe2e 7,8 
SGD Misia. 5,os)aelé. aoa leas San Fernando 83,385 56,117 7,8 
Seth A Gs Sig ics 2)5)a's Sidvin disitele San Fernando 84,735 41,441 8,7 
mee Seats Ss c'Sbe sieieiss eal San Fernando 83,385 46,279 7,8 
Seth Sih ch hss ereisislonmomols San Fernando 84,735 39,4606 oon 
SCH aeilon eee etn Tacubaya 78,54 63,945 7,8 
BTC a5! a8 sratttla fare teres 6 fs Tacubaya 79,505 63,106 8,7 
hy ee ee ee ere Hyderabad 77,432 63,000 See note 
See ters Fyne tere Hyderabad 78, 367 61,379 See note 
Br CK arava Counts Srcrnowete arn ett Hyderabad 80,623 58,500 See note 
dE Pada Ne eng, oh 9 eters Cordoba 78,54 . 68, 764 7,8 
Sees Phen gies to dle Rieieww hap Cordoba 81,525 54,584 7,8 
mB asi wicte tei g:viee our. a9 93, Cordoba 81,525 49,552 Tekh 
SAE Pert eis Sieur seg as Cordoba 81,525 61,162 7 Oa 
Sea ra era cinurina st tecishe Perth 75,143 59,629 See note 
eA Cette Teepe i ole ete 5 Perth 78,578 63,050 See note 
Raa eR nya Penw oe ern eM ees Perth 80,620 68,535 See note 
SO Sees he are oss ey w ae Perth 78,578 68,453 6 
SATs < otenpeage eaavat ls Cape 75,57 71,433 6 
iennidh baw hs Scars a Kins ea Cape 70,505 84,217 6 
SA SM eaitclese cpeschs tein tis Cape 79,505 73,781 6 
Tao Coe ake Melbourne oS Ba 008 iyi Gs 


NOTES TO TABLE XIII 


+62°: The counts are means for zones +60°, +62°, and +64°, extending from 
+50° to +65°. Unit=o.r star per plate. Since in the three zones together there are 
ro plates per hour, the counts are also numbers of stars per hour. 

+28°: Counts for +28° only of the Oxford zones were available when the reduc- 
tions were made. For completeness, references are given for the other zones, which 
have recently appeared. The abnormally low densities in the obscured region, 3's», 
+28°, have been disregarded in deriving the means given in Table XV. 
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NOTES TO TABLE XIlI—Continued 


+24°: Detailed counts have not been published. 

-+23°, +22°: Obscured region (see +28°) disregarded. For 6, 8, 18, and 225 the 
published values under the heading “All” do not agree with the sums of the numbers 
in the successive intervals of scale reading. The individual numbers are assumed to be 
correct. 

+17° to +14°: All the Bordeaux zones show abnormally low densities in the region 
of 4". 

+o°: The scale for ob 64 differs from that for 7-235, the densities for the first 
quadrant being relatively low. See comment by Turner, Joc. cit. Total number of plates 
is 180; an average of 7.5 per hour has been used for the reduction. 

—1°: The sign of the declination, wrongly given with the original counts, was later 
corrected (cf. M.N., 84, 738). The densities from 125 to 184, galactic latitudes +60° 
to +3°, are nearly constant. Since the San Fernando zones, — 3° to —6°, show a similar 
phenomenon, the abnormality is probably real. 

—3° to —6°: See preceding note. 

—15°: Density from 12" to 17}, galactic latitude +46° to +8°, nearly constant. 

The published total, Joc. cit., for scale reading 10.5 should be 13377. The values 
of N’ are correspondingly affected. 

—16°: Density from o4 to 4», galactic latitude —78° to —36°, nearly constant. 

—17°: Data published by Pocock. The number of plates is 8 and 7 per hour, but 
the counts have been reduced to a total of 10 per hour. The number of stars given is 
approximate. 

—18°: Data published by Pocock. Cumulative sums, reduced to a total of 10 
plates per hour, calculated from Table I of Pocock’s paper. 

—r19°: Data published by Bhaskaran. Number of plates, 7 and 8; counts reduced 
to ro plates per hour. Number of stars approximate. 

— 32° to —36°: Number of plates, 6 and 7; counts reduced to 10 per hour. Totals 
counted approximate. 

—4r° to —43°: The density for all three zones at 12", galactic latitude +20°, is 
conspicuously low as compared with that at 184, latitude — 16°. 

—65°: The systematic difference in scale readings discussed by Turner, Joc. cit., 
affects all hours of right ascension, and is therefore probably well eliminated from the 
mean densities in Table XV. 


As an illustration, the mean values of log V,, thus found for the 
Vatican zones, +62°, are given in Table XIV under the scale read- 
ings 40, 30,....0. Each of these, in conjunction with van Rhijn’s 
Table IV, corrected as in the preceding section, determines a value 
of the limiting magnitude corresponding to the scale reading at the 
head of the column. The differences in Table XII show, however, 
that magnitudes interpolated for latitude o° cannot safely be used. 
These were accordingly rejected in forming the mean limiting 
magnitudes. As a matter of convenience, the graphical equivalent 
of van Rhijn’s table given in Figure 2, Groningen Publication No. 27, 
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was used for the interpolation, the correction for scale being applied 
to the mean of the resulting magnitudes. Thus for the Vatican zones 
the mean magnitude for each scale reading, the scale correction from 
Table XI, and the corrected magnitude are in the last three lines 
of Table XIV. 

The residuals for the individual values of the magnitude are in 
the right half of the table. In view of the numerous possible sources 
of error, these are smaller than might have been expected. Since 
the part of van Rhijn’s table used shows no serious systematic 


TABLE XIV 


MEAN Loe N,,, Limitinc MaGNITUDE, AND RESIDUALS IN m FOR VATICAN ZONES 


SCALE READING ScaLE READING 
Gat. Lat. . 

40 30 20 Io ° 40 30 20 Bae) ° 
on OFEGteO. 08}, 2L. 40) VBeSO|’ — Sa LSet easeeusts | eearererntlgsreearee | eee 
0 Dh Aenea 0.42 87| 1.28] 4.77] 2.03/—0.34|—0.21|—0.07|/—0,01|—0.02 
Carats tite - 0.21 70] 1.17| 1.67} 1.90/— .I5|— .o4|— .06]/— .03 .00 
RN Mac tie cay Sas 0.01 §5| 2,03] I.53| 2-74\4> <OSl4j- «05 .00o]/—  .06/+ .05 
HGhaan ote 9.90 47| 0.93] 1.39) 1.60/+ .13/-+ .o6/+ .or .0o|-- .02 
BO Meehan nic 9.83 40] 0.83] 1.27] 2.51/-- .£6|-4-—.04|-— .03|/-' .02|— 203 
BO ons ou 9.78} 0.34| 0.75] 1.19} 1.44/+0.15|/-+-0.05|/-+0.07|/-+0.06]—0.03 
Meanimac.| §3:56| 9.00. tO772|) L12O2|| 02557 exes |letarcess ciel erential okerere rete Caeaeeenee 
DGUCOLE, « on)t-O- 2511-0. $514 O230| =O. 404-0. AO ou te ccll eins oe sila stealer en eneronel (ereeneete 
INTHINAG. 0) OOF) 20.04) LT. TO}. 12... 32|502..07)| (a srustell sores ais | larereteee (cee octet | eee 


error (see Table XII), large progressive changes in the residuals, 
like those for scale reading 40, must originate in the astrographic 
counts. Whether these represent systematic errors in scale reading 
or real deviations from the assumed symmetrical mean distribution 
of the stars cannot be decided at present. 

The other zones listed in Table XIII were treated in precisely 
the same manner. The results for all the zones are collected in 
Table XV in order of limiting magnitude. Thus opposite magnitudes 
8.81, 10.04, etc., in the first column stand the values of log VN, for 
different galactic latitudes given in the successive columns of Table 
XIV. To simplify the combination of these data, missing values of 
the density for high latitudes have been supplied by extrapolation. 
These are inclosed in parentheses. 
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It should be noted that the variation of density for any magni- 
tude in Table XV depends solely on the counts from the astro- 
graphic zones. Van Rhijn’s table has been used only to determine 
the mean limiting magnitudes, and these are little affected by 
residual errors in his corrected table. Thus a redetermination of the 
limits by comparing all the densities in Table XV with the adopted 
distribution in Table XVII gives a maximum difference of 0.09 and 
a mean of 0.027 mag. The revised limiting magnitudes, it may be 
remarked, provide a mean calibration of the provisional scales of the 
astrographic zones which may be used until a more detailed reduc- 
tion to the international scale is available. These results will be col- 
lected in a later Contribution. 

The 128 sequences of log NV, in Table XV were combined into 
the 11 means given in Table XVI.‘ The division lines in Table XV 
show the zones contributing to each mean; the place of observation 
can be identified by means of Table XIII. In general, each mean 
sequence depends on data from widely separated parts of the sky, 
based on. measures made at several different observatories. Sys- 
tematic errors affecting the counts of individual zones and deviations 
from the mean distribution have therefore little influence on Table 
XVI, which is the final form for the data from the astrographic 
zones. Residual errors are still further reduced by the smoothing 
process involved in the combination with data from other sources 
to form the mean distribution table. 


5. THE MEAN DISTRIBUTION TABLE 


Tables IX and XVI, based on the Mount Wilson Catalogue and 
the astrographic zones, determine the distribution for stars fainter 
than m=g.0. As already stated, the data to be used for stars 
brighter than m= 9.0 are those of van Rhijn, reduced to the inter- 
national scale. For the interval m=7.0 to 9.0, the densities can be 
taken directly from Table IV, Groningen Publication No. 27; for 
still brighter stars, Table II of van Rhijn’s paper must be used. The 
corresponding magnitudes are in both cases the corrected arguments 
in the third column of Table XI. 


1 Here again, as a matter of convenience, the geometrical mean has been used for 
Nm, whereas, strictly speaking, the arithmetical mean is required. 
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TABLE XV 


Loc N,, FROM ASTROGRAPHIC ZONES 


m Zone °° Io 20 30° 40° 50° 60 70° 80° 90' 
BR Oaee wane. —27°| 0.28 | 0.23 | 0.13 | 9.95 | 9-85 | 9-79 | 9.74 9.72 9.71 9.70 
COG Fes ccreisis ac +16 | 0.19 | 0.12 | 0.02 | 9.92 | 9.89 | 9.86 | 9.83 9.80 9.78 (9.77) 
SEA canis oo —25 | 0.26 | 0.21 | 0.13 | 0.03 | 9.94 | 9.88 | 9.83 | 9.78 9-75 9.73 
B28E cea sae +62 | 0.56 | 0.42 | 0.21 | 0.01 | 9.90 | 9.83 | 9.78 | (9.75) | (9-73) | (9-72) 
BEST a ties ess —34 | 0.58 | 0.44 | 0.25 | 0.12 | 9.99 | 9.89 | 9.83 | 9.77 9.72 9.68 
SeGo ee ae + 9 | 0.66 | 0.53 | 0.28 | 0.09 | 9.95 | 9.86 | 9.82 | 9.78 | (9.76) | (0.75) 
oe Pe aE —31 | 0.68 | 0.53 | 0.28 | 0.08 | o.or | 9.99 | 9.98 9.98 9.98 9.98 
Qe ZO meee es +23 | 0.42 | 0.34 | 0.25 | 0.17 | 0.11 | 0.08 | 0.05 0.03 0.00 9.98 
Oral bananecee — 1 | 0.52 | 0.45 | 0.34 | 0.23 | 0.13 | 0.04 | 9.08 | (9.95) | (9.03) | (9.92) 
Gh oh crake ti —29 | 0.66 | 0.55 | 0.38 | 0.27 | 0.18 | 0.08 | 0.00 9.04 Q.oL 9.89 
220 eccicccieass +22 | 0.44 | 0.37 | 0.28 | 0.20 | 0.14 | 0.10 | 0.07 0.05 0.03 0.01 
i OR eee —38 | 0.63 | 0.5r | 0.33 | 0.18 | 0.14 | 0.12 | 0.08 0.05 0.04 (0.04) 
Bes Orenwietass —36 | 0.64 | 0.49 | 0.33 | 0.21 | 0.16 | 0.13 | 0.12 Onin o.I0 (0.10) 
pelts: Pes tee tec —19 | 0.44 | 0.40 | 0.35 | 0.28 | 0.21 | 0.16 | 0.13 0.10 0.09 (0.09) 
Gra Oueae weet ae —42 | 0.63 | 0.57 | 6.49 | 0.30 | 0.27 | 0.87 | ©.12 0.06 0.04 (0.03) 
Pome AMI apa —1z7 | 0.62 | 0.55 | o.44 | 0.32 | 0.25 | 0.20 | 0.17 o.14 0.13 (0.12) 
One rae radsie a =r18-| 0.58 | 0.47 | 0.37 | 0.33 | 0.28 | 0.26 | 0.23 0.20 0.18 (0.18) 
esis peeceauats —43 | 6.7 | @.03 | 0.52 | 0.39 | 6.28 | 0.20 | OF6,|. O.52 |’ ©.00 (0.08) 
OOO sweaters +15 | 0.973 | 0.62 | 0.5% | 6.47 | 0:33 100.26 | 0.27 0.16 0.13 (0.12) 
GEOR cevstne.s'o —16 | 0.68 | 0.63 | 0.53 | 0.47 | 0.42 | 0.40 | 0.39 O37, 0.36 (0.36) 
eo ah ena —25 | 0.04 | 0.83 | 0.68 | 0.55 | 0.45 | 0.38 | 0.30 0.26 0.23 O.25 
NOL op ss sn +14 | 0.89 | 0.82 | 0.66 | 0.53 | 0.45 | 0-39 | 0.34 0.30 0.27 (0.26) 
Teo tae — 4 | 0.78 | 0.73 |] 0.65 | 0.58 | 0.40 | 0.30 | 0.35 0.33 (0.32) | (0.32) 
oe — 5 | O77 | 0.73.1 8.65 | 0:58 | 0.48 | Oda | 0.37 0.35 (0.34) | (0.33) 
MOLDS soe as berate —15 | 0.80 | 0.73 | 0.65 | 0.55 | 0.48 | 0.43 | 0.40 0.37 (0.36) (0.36) 
Se Sei a ar, sis.0.6 4 +62 | 0.98 | 0.87 | 0.70 | 0.55 | 0.47 | 0.40 | 0.34 | (0.31) | (0.20) | (0.29) 
BE oats pathee — 6 | 0.82 | 0.77 | 0.68 | 0.55 | 0.46 | 0.43 | 0.40 0.37 (0.36) | (©.35) 
No Not Bt Deore ean —27 | 0.907 | 0.90 | 0.73 | 0.53 | 0.44 | 0.38 | 0.33 0.31 0.30 0.290 
BT? ee —38 | 0.95 | 0.80 | 0.64 | 0.50 | 0.45 | 0.42 | 0.40 0.38 0.36 (0.36) 
TOES: Sey SKG.5 +28 | 0.83 | 0.78 | 0.67 | 0.54 | 0.47 | 0.42 | 0.30 0.38 (0.38) (0.38) 
SIN had ent tive +16 | 0.85 | 0.77 | 0.64 | 0.53 | 0.48 | 0.44 | 0.40 0.37 0.34 (0.33) 
POU ce avidin —34 | 1.08 | 0.93 | 0.77 | 0.62 | 0.51 | 0.42 | 0.37 0.33 0.29 0.25 
0 ys ee — 3 | 0.88 | 0.83 | 0.74 |] 0.63 | 0.55 |] 0.46 | 0.4 0.37 (0.36) (0.35) 
ROS eer cases —19 | 0.87 | 0.80 | 0.71 | 0.61 | 0.54 | 0.40 | 0.45 0.43 0.42 (0.42) 
TOusO es acehins +9 | 1.20 | 1.07 | 0.82 | 0.65 | 0.52 | 0.46 | 0.42 0.39 (0.37) | (0.36) 
is Ph ea —32 | 1.08 | 0.98 | 0.83 | 0.67 | 0.53 | 0.48 | 0.47 0.47 0.47 (0.47) 
TOGRE be 5 diowae +22 | 0.96 | 0.88 | 0.76 | 0.68 | 0.59 |] 0.55 | 0.53 ©. 52 0.47 0.44 
POS cn reeee +23 | 0.03 | 0.86 | 0.78 | 0.68 | 0.64 | 0.61 4 0.57 0.53 °.50 0.48 
POURS SG noes =r | I.20 13.07 | 6.87 | 0.73 16.641 0.68 T 0.57 0.55 0.54 0.53 
oS ee 20/220) |) 07 |O.85, | On72"|"O.08. | 0051/0503 0,61 0.590 (0.59) 
MEG Demeester e —2 1.33 | 3-39 | 6.90 | 0.88 | 0.78 | 0.70 | 0.6% 0.53 0.48 0.45 
BORIS aay bhi —4r | 1.15 | §.05 | 0.9% | 0.80 | 0.74 | 0-70. || 0.67 0.66 0.65 (0.64) 
WRN Oe ice hat +27 | 2:07 |. 2.03 | 0.90 1 6.87 1 o.70 | 0.72 | 0.67 0.63 0.590 (0.57) 
EE OO se ccdscvs —65 | 1.43 | 1-32. | Z-2T | 6.96 | 0-83 |°O176 | 6.72") (01-68) | Mo t67NN | Morey) 
EES Ome soa aes 41-02 | TAO. |e 280 | een7 | 03) 10503) | Oroa | Onys. |) (Ony2) I) (Ou 70) (0.69) 
a (aera aad rs | X.43 | X.3% } 1.27 | 1.04 |:0.07 | 0.92 | O5Ss 0.79 OnT4 (0.72) 
SESS vce os ces —15 | 1.37 | 1.28 | 2.28 | 5.06 | 0.07 | 0.02 | 0.88 0.86 (0.85) | (0.84) 
|: ee =TO 4 %.33! |) t-250| ke2a) | F203) (10.07 6-020 | Oreo 0.88 0.87 (0.87) 
A et = 6 | 2.43 | 2.32 | 2.18 | ¥.08 | ror | 0:96) ] 0.07 0.86 (0.84) (0.83) 
RE SS yen Gok S —25 | 1.54 | 1.45 | 2.29 | 1.13 | 0.99 | 0.92 | 0.85 0.80 O77 0.73 
ee Re ee ae —=—35 | %.50 | ¥.32| £.95)| 2-05) | 2:00 | 0.08 |°0.00 0.87 0.85 (0.84) 
Diate owe nas S19!) E.30 | t.24 | £.Eh | L507. | x.oF ||, 0.07" 0.08 2.90 0.87 (0.86) 
Phase ceaiee sce 4- 9 | 1.63 | 1-47 | X.20 | I.12 | X.0r | 0.903 | 0-87 0.82 (0.79) | (0.77) 
TOSS Nale sats o.> —27 i) TsO) | ft .AO, | eo. 250)) FeOd | 0.07 |) 0202) | 0.00: 0.87 0.84 0.83 
ENE Ne sa te —24 for 0g |r 40 1 x27 1 T.25) | 2,05 1 0.00) | 0.85 0.82 0.76 0.72 
PECAG rk ois a =r | 2.56.) ¥.46 | 5.20) 2.54. | T0r | 0.92, | 0.85 | (ov8x): ||| Koi) || (on70) 
MEET dais waste — FS [ease |ELSS | ee 25) | Leta [yrsO7 Ll O.oG Ioros 0.88 (0.85) | (0.84) 
EAS aieal hc pee “TA ruO22 | EA | rege ata | E04. | 0.07 |:0,G0 0.83 0.77 (0.73) 
Cy ser © Ae ae pee — 1.42 | 1.33 | 1.2 I.I5 | 1.07 | 0.99 | 0.04 0.92 (0.91) | (0.90) 
EE AY 8 aie aa cveirs AO, [tee PX. 3o |) kvesal eben 105) | W060) .) orgs 0.91 0.88 (0.86) 
EECA Nc cho bales TSF E28 | Psat || 737] S200 (1.00; ||, 210d | Bor 0.99 0.97 (0.97) 
TRIE oe ane ear aie = Shay | Beas Tesen lOO. Nr reel Lox ror 0.98 (0.97) | (0.96) 
RECO sd osc AE TOS (E52 | eeese | tees lor Low [ees | Ov00 0.07 0.905 (0.94) 
PEAT Soins citer 22 E52 1En4s | reag  Geee Mets | Over .om I.o1 0.909 0.07 
PEN WAus Seles, penal 23) 0 AT) | Eada pee ayal 020" teko | ra Tod, ©.99 0.95 0.03 
EPL G soc 6 esis reac Pal (aes 9 6) 8 Wn ry. Soa Ub lee roam Lier ean Ne dee nd [Oa wey oe a [a ro 1.05 I.03 (1.02) 
eee aS —43 | 1.66 | 1.58 | 1.47 | 1.34 | 1.20 | 1.06 | 0.99 0.93 0.90 (0.89) 
a eee 42 1568) S62 eso) 537 |r ace] & x0: | 00 0.04 0.88 (0.86) 
PESO cic tei Sone tl We Seto ga hee seo Cer Wen SAlcfoy Ni omnchau fee gah ivi Mn aeteleult Pe ave yt I.03 1.03 (r.03) 
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TABLE XV—Continued 


°° 10° 20° 30° 40 50 60° 70° 80° 90° 

1.30} F569 | I.54 | 2.42 | was_|-s.24 | 1.28 1.13 1.08 (1.05 
z.76 | 5.63 | 2.48 | %<38 | x.3T | ¥.25 | 1.20 EoI7 1.16 (1.15) 
E569) LasxT, | T2301 L233 |) 2.32) || Xosu |r. 28 1.25 1.23 (1.22) 
5.73.1 2563 1 2.47 111.39) £32 | 2.26 | 7523 I.20 Ty, (1.16) 
B52 1172-192 87) 12.43 | 535) | 2.27, | 2.28 r.18 5.25 (1.13) 
regen [Pe aay eG OB dic ma IRS SP Ye eT ec APN Pine gi a La Rb I.23 (z.2r) | (1.20) 
TSO L771 W071 2 -$3) 1 2.30 1 127 | X-Fo) (1. r4) (zr, 25) (1.10) 
%,86-] 1.73 | 1.63 | 1.48 | 2.38] 2.30. |"1.25 1.20 TV27 (1.16) 
LSS ler SEOs joreas | Leee "i regs | rst I.30 (1.29) | (1.20) 
2700" [002.1 -%,00 | L5t | 2,40 1.0233.) 2.20 I.19 5254 (1.10) 
r.07 | 2583 | 2265 12.49) 2.37 |. 1.30: | 228 1.27 1,26 (1.26) 
E507 | LwOO. | 70 | 2.00 Deas | Tssr- p> Fer Tote I.1L (1.10) 
£86 | 2.78 | 2.64 | E.5s 12-43 | 2.36 12.32 1.28 (2.26) | (x.25) 
£08. 2.83 | £68.41 2.56.) 5.40: 2.37 |. 2287 Ki2E 1.18 z.E5 
T.05 | 2v06) 5.76 | 2.63 | 1.40 | 3-35 | F-25 TT I.Io (1.09) 
P-O7 | tot 1.2.03 bo 20631 Fuad | 2.30.) B-35 £232 (1.32) (1.30) 
2,05. \ 0.59) | te00" 1 2.53.1 2-30) 1 11.33) | T2090 T .27 1.24 £.23 
2.09) [1E 05 |i. OO |i teSOulot4ay 1 2.3801 Dee 1.23 1.17 1.14 
2.00 | 2O4 4 2.78 | 2.60 | Tg? 12.35 1 2505 I.20 (r.27)o} “(.r6) 
T5900 }%.63 | F265 | 1.53: | tas) |) X-42 | 2-33" |) 2.36 (1.35) | (1.34) 
¥ 007] £200: |) 19a 2.63 | BSE.) 2,42) Bake 1.28 24 (1.22) 
£.99)| %.00 | 1.75 | 2-62 | 2.53" | Z.45 | 1-30-] 1.30 (z.35) | (1.34) 
%08 | t.058 | 2.70 | 2.63 | E.52 | 2.45°1-17390 I.34 I.30 (1.28) 
2,00 | 2.83 | £368 | 2.58 | 2.53 | 2.481 T.44 I.40 37 (1.36) 
2.62 1.2.92) E277 | 2.63 | ru52 | E.45 | Taz £537 2533 Ts 
2523. |) 2:02 jet. 4O; | 2.65 | 2.52) 2.49] T.38 +35 Case 1.32 
1.95 | 1.90 | 1.82 | 1.73 | 1.59 | 1.46 | 1.30 1.34 1.31 1.28 
1.904 | 1.80 | 1.64 | 1.59 | 3.56 | 1.53 | 1.49 1.46 1.43 (1.42) 
2755) ANOS a) stebO | 2.70 12.55") 24a) | 5637 1.36 2.35 (ree 
2.1% .|<%<00_|-277 E67 1 2558.) £250 | 2.44 1.41 (1.39) | (1.38) 
2.06 | r.99 | 1.83 | 1.68 | 1.59 | 1.51 | 1.43 Tv37, L.6s TiZE 
S05) eT. 00) | Leao jot Os iN ohaSs. | LedO | keds 1.41 1.38 (1.37) 
2.337 | 215 | XoOE [or -yo.| 2.87 | Tid8 | r-a4t 1.34 1.29 (1.27) 
2,24.) 2.227], 2.02 | 2.72 | X57 | r.45 | 2.38], (.34) (1.32) (1.31) 
2.59 | 2700-| r*88:| 273° | ©.62)| B.52 | 2.43 1.38 1.34 £62 
Ser su) 20S. |, Le90 1 Le7sel £200 | 2.50) | oad 4 (25) Petaego) a) (reas) 
2.26 | 2.16 | r.98 | 1.76 | 1.58 | 1.46 | r.40 | (1.37) (7535) (1.34) 
2582) | Sots | 2.85" | B.7O") Lasso) L952) T.40 I.43 1.41 I.30 
2.18 | 2.03. | 3.84 | 1.72] 1-50 | 1.54] 3.52 1.49 (1.48) (1.47) 
2.18 | 2.08 | 1.90 | 2.7 605) 25S [Lage 1.42 (1.39) (1.38) 
2.32 | 2.25 | 2.04 | 2.76 | 2.62] x.52 | 2.46 1.44 1.43 (1.43) 
2.27 | 2.03 1-24.63 | 478-1 2.64 |-36§8. | 1-53 1.49 I.47 (1.46) 
2.39 | 2.18 | 1.04 | 2.83 | 2.72 | 1.60 | 1.52 1.45 1.38 1.34 
2.28 | 2.18 | 2.02 | 1.81 | 1.64 | 1.54 | 1.40 1.47 1.45 1.43 
2.43 | 2.28] 2.06 | 2.78.) 7.64 |] 3.53 | 1.53 I.50 1.47 (1.45) 
2.33 | 2.24 | 2.08 | 2.9r | 1.73 | 1.56-4-1.47 1.42 1.39 pa 

2.24 | 2.14 | 3.08 | 1.81 | 1.69 | 4.62 | 1.55 1.50 (x.47) | (1.46) 
5.98 | 2.47 | T.00 | B83 | 2.70 | E280-). 2.53 I.49 (1.47 (1.46) 
Bros |i eetaol £eo3 |cr.7S.) Lo.) 2.63) | 2.58 1.54 1.52 (r.51) 
2.33 | 2.22 | 2.03 | T.90 | 1.75 | 3.64 | 1.55 1.48 1.43 1.40 
2.2m | 2.12 | 2.07 | ©.84 | 1.74 | 1.65 | 1.50 1.53 I.50 1.46 
2.29 | 2.12 | 1.93 | 2.82 | 1.73 | 1.66 | r.60 1.55 T.53 (1.52) 
2.27 12200 | 2.87 |/-2.80' | 2.74 | r-70: | r.64 1.59 1.56 (1.55) 
2.40 | 2.26 | 2.08 | r.90 | 1.75 | 1.65 | 1.58 1.55 1.53 (1.53) 
2.38 | 2.15 | r.99 | 1.85 | 1.77 | 1-72 | 1.68 1.64 1.61 (1.59) 
2.38 | 2.28 | 2.15 | 2.00 | 1.83 | 1.67 | 1.56 I.51 1.46 (1.44) 
2.37 | 2.20 | 2.04 | 1.90 | 1.80 | 1.7x | 1.65 1.60 1.57 (r.57) 
2.36. | 2.20 | 2:38] 2.02 | 2.85 it .€e |} 2.50 I.49 1.45 (1.44) 
2.38 | 2.29 | 2.10 | 1.88 | 1.80 | r.75 | a G 1.69 (r.68) | (1.68) 


Together, all these data define log V,, as a function of m from 
4.0 to 18.5 for each of the latitudes 0°, 10°, . . . . go°. The smooth 
curves obtained by plotting the densities on a large-scale diagram 
(Fig. 2) eliminate the remaining accidental irregularities from magni- 
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tude to magnitude for each latitude, and the slight systematic differ- 
ences between the data drawn from the three sources. The latter are 
appreciable in latitude o°, m=13.5 to 15.5, where the densities from 
the Mount Wilson Catalogue are clearly too large (Fig. 2 and Table 
VIIa), and in latitudes 80° and go° in the interval covered by the 
astrographic zones (Fig. 2). In neither case is the difference surpris- 
ing. The Selected Areas in and near the Milky Way are few in 
number, badly distributed in longitude, and show large fluctuations 
in density. The astrographic counts in this region are far more 
reliable and really determine, by extrapolation, the o° curve to 


TABLE XVI 


Mean Loc JV, rrom ASTROGRAPHIC ZONES 
m™ 


Mean m °° I0° 20° 30° 40° 50° 60° 70° 80° 90° fot 
Se Ole asc sics.c3 0.46] 0.36] 0.21] 0.07] 9.97] 9.91| 9.87] 9.84] 9.82] 9.80 9 
GAAS owe sereet, 0.61] 0.52] 0.40] 0.30] 0.22! 0.17] 0.13] 0.09] 0.07] 0.07] I0 
EQUOS crise ea 0.86! 0.78) 0.66] 0.54] 0.46] 0.41] 0.37] 0.34] 0.33] 0.32] 12 
TOGAA chet 6s stan 1.08] 0.98} 0.83] 0.71] 0.63] 0.57] 0.53] 0.50] 0.48] 0.46] 12 
1323 le ee I.47]} 1.36] 1.20] 1.07] 0.98] 0.91| 0.86] 0.82] 0.79] 0.78] 13 
MeO sere ey ae Ey 55) Le45| Less) 1.22) LD. 02|)1.,05]0.00|hOn00|-0103|)O.02/mens 
EB oR Once ge om a TiG5) De 74) L.56| L245) D. 30) 1.29) Leese te 20)) Dae 7 | Te rOleeme 
L= SO nile 54/0 2.00) ©. 86]'.r. 70) 0.58) 0:47) TAO i. 33\\ fe 25\) te 25 erode 
BEEOO «wide ace als 2:15) 2.00) F.62| TOo] £2.57] (645) 1 o42| te sole. s5le reso ewe 
TReEO es sas ote 25327| 2.54| E005) 5270] ©.05| Tessier. 40| 40 e radars Aol ere 
Dea A Tele eee s 2.33| 2.20] 2.02) 1288} 6577| To OGhi OX ot. 56 nS aie 52 eae 


m=15.5. In high latitudes, on the other hand, Table XV shows that 
the densities from the astrographic zones are nearly all extrapolated. 
The small systematic error, now revealed in the extrapolation, has 
been corrected in drawing the curves. ; 

To eliminate any irregularity in the spacing of the curves 
(log Vm against m for each latitude), ordinates were plotted against 
galactic latitude for each half-magnitude, 4.0, 4.5, etc. The ordinates 
of the new series of curves thus formed (log NV against latitude for 
each m) extrapolated to m=21.0, are in Table XVII, which is 
adopted as representing the mean distribution for the whole sky. 

At the end of section 2 it was shown that counts from the 
Harvard-Groningen Durchmusterung for single Selected Areas could 
be extrapolated from 15.5 or 16.0 to 17.5 without serious error. In 
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extrapolating the final results from m= 18.5 to 21.0 we are dealing 
with mean densities based upon a large amount of material. This 
greatly reduces the danger of systematic error, which is further 
controlled by the condition that the extrapolated densities must 
vary smoothly with the galactic latitude. The method used was 
graphical (see Fig. 2), followed by a numerical smoothing of the 
differences in log Nm. The greatest danger lies, not in the extrapola- 
tion itself, but rather in the magnitude scale in the interval m= 16.5 
to 18.5. A systematic divergence in scale in this region would of 
course be carried downward by the extrapolation with steadily 
increasing effect. Unfortunately, we have no control on the extrap- 
olated result, but it is, at least, an approximation for the distribu- 
tion of the very faint stars. 


6. MEAN VALUES OF LOG Nw, 

The determination of mean values of log N,, for wide zones of 
latitude and for the whole sky requires a summation of the values 
in Table XVII with respect to galactic latitude. To represent the 
values of NV, for a given magnitude, Kapteyn has used the formula 


B 


Nm A+ y sin B? e 


which is easily integrated with respect to the latitude 0; but for the 
faint magnitudes, at least, the variation in NV, is so large that the 
interval o°-g0° must be divided into three parts in order to obtain 
satisfactory results. It is therefore simpler to integrate numerically. 
This has been done for m=4, 5,.... 21 for the intervals 0°-20°, 
20°-40°, and 40°—go”°, the results being combined to cover the interval 
ogo’. The mean values of log N» are in the second to the fifth 
columns of Table XVIII, data for m=4.5, 5.5, etc., being supplied 
by interpolation. The last value in the fifth column corresponds to a 
total, for the whole sky, of 890,000,000 stars to the twenty-first 
photographic magnitude. 
7. MEAN VALUES OF LOG N,, FOR STARS GROUPED 
ACCORDING TO VISUAL MAGNITUDE 


The distribution of stars grouped according to visual magnitude 
differs appreciably from that givenin Table XVII. Detailed results 
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TABLE XVII 
MEAN DIstRIBUTION OF STars* 
m °° i 10° 15° 20° 25° 30° 
4.0 | 8.193 8.168 8.117 8.054 7.989 7.930 7.870 
230 230 230 230 230 230 231 
45) 18.422 8.308 8.347 8. 284 8. 219 8.160 8. ror 
220 229 220 220 220 220 230 
5.0 | 8.652 8.627 8.576 8.513 8.448 8. 389 8.331 
228 228 228 228 228 228 220 
5.5 | 8.880 8.855 8. 804 8.741 8.676 8.617 8. 560 
227 227 226 226 226 227 228 
6.0 | 9.107 9.082 9.030 8.967 8.902 8.844 8. 788 
226 226 225 225 225 226 226 
6.5 | 9.333 9. 308 9. 255 9.192 9.127 9.070 9.014 
225 225 224 224 223 224 225 
7-0 | 9.558 9-533 9-479 9.416 9-350 9. 204 9. 239 
224 223 222 222 22t 222 223 
7-5 | 9.782 9.756 Q. 701 9.638 9.572 9.516 9. 462 
223 222 220 210 210 220 221 
8.0 | 0.005 9.978 9.921 9.857 9.790 9.736 9. 683 
222 220 219 218 217 217 218 
Senn On2 or 0. 198 0. 140 0.075 0.007 9.953 9.901 
221 219 217 216 215 215 216 
9.0 | 0.448 0.417 0. 357 0. 291 ©. 222 0.168 O,rLy 
220 218 216 214 213 213 214 
9.5 | 0.668 0.635 0.573 0. 505 0.435 0. 381 0. 331 
210 217 215 212 211 211 212 
10.0 | 0.887 0. 852 0. 788 0.717 0. 646 0.592 0. 543 
217 215 213 210 209 209 209 
1O<«5) | 1. 104 1.067 I. OOI 0.927 0. 855 0. 801 0.752 
215 213 211 208 208 206 205 
TUM L300 1.280 cpa, £2135 1.063 I.007 0.957 
214 212 209 206 206 203 201 
DUS e533 I.492 1.425 I. 341 I. 269 Te2to 1.158 
212 210 207 204 204 200 107 
12.0) (00.745 1 fey 1.628 1.545 TeATs I.410 i355 
210 208 205 202 200 107 193 
To. seen OSs I.QIo £so33 1.747 lal oly sed 1.607 1.548 
208 206 202 1990 105 192 183 
T3Ouner Los 2.116 2.035 1.946 1. 868 I. 799 1.736 
205 203 200 196 IgI 187 183 
Poses. cos 2.319 21235 2.142 2.059 1.986 I.QIgQ 
201 200 108 193 186 181 178 
14.0 | 2.569 2.519 2.433 2.335 2.245 2.107 2.007 
107 107 105 190 181 175 172 
14.5 | 2.766 22706 2.628 2525 2.426 2.342 2.269 
193 194 Ior 186 176 170 166 
15.01) 2.050 2.910 2.819 2. 701 2.602 27522 2.435 
188 190 188 182 172 165 160 
15-5 | 3.147 3. 100 3-007 2.893 2.774 2.077 2.595 
183 185 184 177 167 160 154 
TO, Os. 330 3.285 3.191 3.070 2.941 2.837 2.749 
177 180 179 172 162 154 147 
TOSS [ps55O7 3.465 3.370 By 2A 2 3.103 2.991 2.896 
172 174 174 167 157 148 140 
17.0 | 3.679 3-639 3-544 3-409 3.260 3-139 3.036 
167 168 168 162 152 142 134 
17.5 | 3.846 3.807 3.712 S571 3.412 3.281 3.170 
162 162 162 156 147 136 128 
18.0 | 4.008 3.969 3.874 3-727 3-559 3-417 3-298 
157 156 156 150 142 130 122 
18.5 | 4.165 4.125 4.030 3-877 3-701 3-547 3-420 
I52 150 I50 144 137 124 116 
I9.0 | 4.317 4.275 4.180 4.021 3.838 3.671 3.536 
146 144 144 138 131 118 IIo 
19.5 | 4.463 4.419 4.324 4.159 3-969 3-789 3-646 
140 138 138 132 I25 112 104 
20.0 | 4.603 4.557 4.462 4.291 4.094 3-901 3-750 
135 132 131 126 II9g 106 98 
20.5 | 4.738 4. 689 4.593 4.417 4. 213 4.007 3.848 
129 126 124 I20 II3 I0o or 
21.0 867 4.815 4.717 4.537 4.320 4.107 3-939 


* The table gives log N,,; N,,=number of stars per square degree brighter than m, international 
photographic scale. Pole of Milky Way: a 12b41™208, 6+-27°21’ (1875). 


425 


44 SEARES, VAN RHIJN, JOYNER, AND RICHMOND 


TABLE XVII—Continued 


m 30 40° 50 60° 70 80° go° 

4.0 | 7.870 7-784 7-744 7-711 7.089 7-668 7-055 
231 230 220 220 231 230 230 

4.5 | 8.1012 8.014 FO72 7.940 7.920 7.8098 7.885 
230 220 228 229 230 230 230 

iar (Pole Sich 8.243 8. 201 8.169 8.150 8.128 Seas 
220 228 227 228 228 228 220 

Bee GG 500 8.471 8.428 8.397 8.378 8.356 8.344 
228 227 226 227 226 225 226 

6.0 | 8.788 8.698 8.654 8.624 8.604 8.581 8.570 
226 226 225 225 224 223 223 

6.5 | 9-014 8.924 8.879 8.849 8.828 8.804 8.793 
225 225 224 223 221 220 220 

7-9 | 9-239 9.149 9.103 9.072 9.049 9.024 9.013 
223 223 222 221 218 218 217 

7-5 | 9-462 9.372 9-325 9. 203 9.267 9.242 9.230 
221 221 220 210 215 25 214 

8.0 | 9.683 9-593 9.545 9.512 9.482 9-457 9-444 
218 210 218 216 212 212 210 

8.5 | 9.901 9.812 9.763 9.728 9.694 9.669 9.654 
216 217 215 212 208 ; 207 205 

0.0 | On. IT7 0.029 9.978 9.940 9.902 9.876 9.859 
214 214 211 207 204 202 201 

0-5 3) 9.332 0. 243 0.189 0.147 o. 106 0.078 0.060 
212 210 206 202 199 107 107 

10.0 | 9.543 0.453 0.395 ©. 349 0. 305 0.275 0.257 
209 206 202 107 195 192 192 

10.5 | 0.752 — | 0.659 0.597 0.546 0.500 0.467 0.449 
205 202 198 102 190 187 187 

II.0 | 0.057 0.861 0.795 0.738 0.690 0.654 0.636 
201 198 104 187 184 182 182 

5 cp a Weel te. 1.050 0.989 0.925 0.874 0.836 0.818 
107 103 189 182 I70 177 177 

T3007 Te355 E252 bas fc) 1.107 1.053 I.013 0.995 
103 188 183 177 173 172 171 

72.5 | 1.548 I.440 1.361 1.284 1.226 1.185 I.166 
6 188 ee 183 ; 3 177 6 172 168 167 165 

; ite 

13.0 | 1.73 183 i 3 8 53 “7 168 I 394 165 I Ch sere I 337 65 
13.5 | 1.919 1.801 a” I {IO Se. 1.623 ioe 557 ei D503 ae I.4Q1 pp 

14.0 | 2.007 1.973 1.876 1.785 Tagcs 1.669 1.646 
172 66 160 156 152 150 150 

14.5 | 2.269 25030 2.036 I.Q41 1.867 1.819 1.796 
166 160 8 153 150 146 6 144 144 

5 2 : 

15.0 435 65 2 =e 2.5 oye 2 Cos, 2 CEA 1.9 3A I Hos 

15-5 2.505 2.452 27335 ous 2.153 2.101 2.078 
154 146 140 138 134 132 133 

16.0 | 2.749 2.598 2.475 2378 2.287 2E232 ZeOLT 
147 140 134 132 128 127 127 

16.5 | 2.896 2.738 2.609 2.505 2.415 2.360 2.338 
140 133 128 126 123 122 121 

17.0 | 3.036 2.871 a7 2.631 2.538 2.482 2.459 
134 127 122 120 118 II7 IIs 

1 pests dl |e Uy Ko. 2.998 2.859 Py afloai 2.656 2.599 2.574 
128 120 116 II4 113 III 109 

18.0 | 3.298 27 LI5 2.975 2.865 2.760 2.710 2.683 
122 113 IIo 108 107 105 104 

18.5 | 3.420 Bees k 3.085 BOTS 2.876 2.815 2.787 
116 107 104 102 102 100 99 

i9.0 | 3.536 3.338 3.189 2.075 2.978 2.915 2.886 
IIo 100 98 96 06 94 93 

19.5 | 3.646 3.438 3.287 3.171 3.074 3.009 2.979 
104 04 92 90 90 88 87 

20.0 | 3.750 37532 3.370 3.261 3.164 3.007 3.006 
98 87 86 84 84 82 81 

20.5 | 3.848 3-619 3.465 3-345 3.248 3-179 3-147 
oI 8x 80 78 78 76 75 

21.0 | 3.939 3-700 3-545 3-423 3-326 3-255 3.222 
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for such a grouping cannot be given at present because of lack of 
knowledge of the variation of average color-index with galactic lati- 


TABLE XVIII 


MEAN VALUES oF Loc N,, 


PHOTOGRAPHIC GROUPING 


Po VISUAL 
0-90 
0°-20° 20°-40° 40°-90° 0°-90° 
4.0 8.116 7.884 7.726 7.938 8.112 
4.5 8.347 8.114 7.956 8.168 8.354 
5.0 8.576 8.344 8.186 8.308 8.505 
55 8.804 8.573 8.414 8.626 8.834 
6.0 9.030 8.800 8.640 8.853 9.071 
6.5 9.255 9.026 8.865 9.078 9.306 
Me) 9.478 9Q.250 9.088 9.301 9.539 
7-5 9.700 9-473 9-309 9.523 9.771 
8.0 9.920 9.604 9.528 9.743 0.001 
8.5 0.140 9.912 9.743 9.961 0.228 
9.0 0.358 0.128 9-955 0.178 0.453 
9-5 0.575 0.341 0.163 0.392 0.675 
I0.0 ©.791 0.551 0.367 0.604 0.895 
10.5 I.005 0.759 0.567 0.814 TLE 
II.o e277 0.964 0.763 I.020 1.324 
ees I.427 1.166 0.954 1.234 1.534 
I2.0 1.634 I. 364 I.I41 I.425 I.740 
Tes 1.839 1.558 Lege 1.623 1.943 
I3.0 2.042 1.748 1.4098 1.818 2. TAT 
13.5 2.242 1.933 1.667 2.009 22235, 
14.0 2.439 2-113 1.831 2.196 2525 
I4.5 2.633 2.287 1.989 2.379 2.710 
I5.0 2.823 2.454 2.140 2.559 2.891 
They 3.009 2.616 2.286 2.424. 3.066 
16.0 3.190 2772 2.427 2.905 3.235 
16.5 3.366 2.922 2.561 3.071 3-399 
I7.0 3.537 3.067 2.689 3.232 25557, 
17.5 3-703 3.205 2.811 3.388 3.709 
18.0 3.864 3.338 2.927 3-539 3.856 
18.5 4.019 3.405 3-037 3.684 3-997 
19.0 4.169 3.586 3.141 3.824 4.132 
19.5 4.313 3-701 3-239 3-959 4.261 
20.0 4.450 3.810 3.330 4.089 4.385 
20.5 4.581 3-013 3.415 BR OTA Wit terere aie sierete 
2550 4.707 4.011 3.405 As 22A> Jiltnet scrapers 


tude and longitude. The relation of mean color to magnitude for all 
latitudes together, however, was determined in Contribution No. 
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287, where it was found that the correction —o.16—0.050m, 
applied to the argument, transforms a grouping according to photo- 
graphic magnitude into one according to visual magnitude. 

The use of this correction in connection with log Nn for o°-go° 
in the fifth column of Table XVIII gives the corresponding mean 
densities on the basis of a grouping according to visual magnitude. 
Interpolation of log N,, for corrected magnitudes 4.0, 4.5.... 
gives at once the results in the sixth column of Table XVIII. The 
value for the twentieth visual magnitude corresponds to a total of 
1,000,000,000 stars for the whole sky. 


TABLE XIX 


CoMPARISON WITH Draper Catalogue 


Vis. Mag. tak Scale Corr. ae Corr. Mag. ee Te ee 
Gaon ae nied 9.204 0.00 —0.07 6.18 9.156 +0,048 
[Stay Ele Hews orate 9-434 + .04 09 6.70 9-399 + .035 
ABC, erect ene 9.672 .08 .09 7.24 9.650 -—- .022 
es sia sale 9.891 Sap: oO Ghee) 9.805 = .004: 
Sata tees 0.152 ids .10 8.31 0.142 + .o10 
eer Sree ials «\s 0.379 ae II 8.85 0. 386 — ,007 
Osh vraatanem: 0.550 +0. 26 —< Ost? 9.39 0.626 —0.076 


Comparison with the “Draper Catalogue.’’—These results can be 
partially checked by comparison with Shapley’s counts of stars in 
the Draper Catalogue given inHarvard Circular No. 226, Table II. The 
totals in the last line of this table, reduced to an area of 1 square 
degree, give the values of log NV, in the second column of Table 
XIX. These correspond to magnitudes on the Harvard scale shown 
in the first column. The scale correction and color equation neces- 
sary for reduction to the international system given in the third and 
fourth columns are taken from Table II and from data under (2) 
of Contribution No. 288. The corrected magnitudes and the corre- 
sponding densities interpolated from Table XVIII are in the fifth 
and sixth columns of Table XIX. 

In view of the indirect method of comparison, the agreement 
shown by the differences in the last column is all that can be expect- 
ed. The first two or three values are large because of the partial 

t Astrophysical Journal, 61, 114, 1925. 
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neglect of the color equation in reducing van Rhijn’s table to the 
international system, which affects the magnitudes near m=6 by 
0.03 or 0.04 mag. The comparison in Table XIX is not altogether 
consistent in that the Draper Catalogue has been corrected for color. 
Here, however, the grouping is according to visual magnitude, and 


TABLE XX 
SCALE CORRECTION FOR KAPTEYN’s DISTRIBUTION TABLE, G.P. No. 18 
Mag. Corr. Mag. Corr. Mag. Corr. 
4 —0.17 9 +o0.17 14 +0.64 
5 — .09 ste) .24 15 0.82 
6 — .03 II Bp 16 I.07 
7 + .04 12 -39 17 I.41 
8 +o.11 13 +0.50 18 +1.88 


the relatively large mean color-index of stars grouped in this 
manner leads to a color equation which cannot be neglected. The 
last difference in Table XIX is merely an indication that the 
counts from the Draper Catalogue are not complete to the limit in 


question. 
TABLE XXI 


CoMPARISON OF MEAN CoLor-INDICES 


Gatractic LATITUDE 


Pc. Mac. SouRcE 
°° 10 30° 50° 70° 90° 
7 iv +0.37 | +0.42 | +0.54 | +0.65 | +0.72 | +0.76 
ee bt 0.35 ° 43 0.55 fo) 64 fo) 68 ° 69 
a 0.89 0.91 0.75 0.81 0.93 1.02 
i a b ts gh oo ae Pm PEO pen ete Wangs 8 
1h SOIC Cerca eee a +1.09 | +1.02 | +0.97 | +0.87 | +0.66 | +0.56 


* ag from distribution tables for stars grouped according to photographic and visual magnitudes. 
tb from Contribution No. 287, data groups (1) and (2), and Table X. 


Scale correction to “Groningen Publication” No. 18.—The com- 
parison of the values of log V,, in the sixth column of Table XVIII 
with those in the last column of Kapteyn’s distribution table in 
Groningen Publication No. 18 leads to the scale correction for 
Kapteyn’s table given in Table XX. It should be emphasized that 
this correction is an average for all galactic latitudes. 

Were the correction independent of latitude, the comparison 
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of Kapteyn’s table, reduced to the international system by means 
of this correction, with Table XVII would throw much light 
on the variation of mean color-index with galactic latitude. Thus 
in Table XVII, log N,, corresponds to photographic magnitude mp. 
With these values of the density as argument, interpolate the corre- 
sponding visual magnitude m, from Kapteyn’s corrected table. The 
color effect would then be C=ms,;—m,, which, by Contribution No. 
287, is sensibly equal to 3(C,+C»), where C, and Cy are mean color- 
indices for groupings of stars according to photographic and visual 
magnitudes, respectively. Table XXI shows, under a, values of C 
found in this manner. For comparison, means of C, and Cy», from 
Contribution No. 287 are given under 6. The agreement for m=7 
is excellent, except at go° latitude; but for m=14 the values a 
increase too slowly, while at m=17 the effect of color calculated as 
above diminishes with increasing latitude, instead of increasing, as 
is known to be the case. The inference is that Kapteyn’s distribution 
table is not homogeneous in the matter of scale, the correction vary- 
ing with the latitude. 


8. THE DERIVATIVES OF NV, 


The values of dN,,/dm, which are of much importance in 
statistical discussions, have been calculated from the data in Table 
XVII by . 

dNm Nm d(log Nin) 
dm Mod. dm ”’ (2) 


where, with sufficient accuracy, 


d(log Nin) 


The results for selected latitudes and intervals of latitude are 
given in logarithmic form in Table XXII. It is customary to attempt 
to represent the values of dN ,,/dm by quadratic exponentials in m, 
or the logarithms of the derivatives by ordinary quadratics in m 
having the form 


log (Fe) =atbm+cm’ . (4) 
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Table XXII shows that this will not be possible for the entire 
range in m, because the second differences are not constant for 
m<12 or 13. Below this limit, however, the quadratic relation is 


TABLE XXII 


aN, 
VALUES OF Loc | —— 
dm 


PHOTOGRAPHIC GROUPING 


20°-40° | 40°-90° 
4.0 8.219 7.898 7.734 7.680 8.143 7.QII 7.753 7.965 8.1590 
4-5 8.447 8.127 7.963 7.910 8.371 8.1390 7.981 8.103 8.400 
5.0 8.674 8.355 8.191 8.1390 8.508 8.367 8.208 8.420 8.638 
Sy5 8.900 8.582 8.417 8.364 8.823 8.503 8.433 8.646 8.874 
6.0 9.125 8.807 8.641 8.584 9.046 8.818 8.656 8.870 9.107 
6.5 9.349 9.030 8.863 8.802 9.268 Q.041 8.878 9.092 9.339 
7.0 9-572 9.252 9.082 9.016 9.480 9.262 9.098 9.312 9.569 
735 9-794 9.471 9.209 9.227 9.708 9.482 9.315 9.531 9.797 
8.0 0.016 9.688 Q.512 0.433 9.926 9.699 9.528 9.748 0.023 
8.5 0.236 9.901 9.721 9.634 0.143 9.912 9.736 9.963 0.246 
9.0 0.455 0.113 9.924 9.830 0.359 0.123 9.940 0.175 0.466 
9.5 0.673 0.323 0.121 0.022 °.574 0.330 0.140 0.384 0.683 
10.0 0.889 0.529 0.312 0.209 0.787 0.534 0.336 o.501 0.897 
10.5 1.102 0.731 0.498 0.390 0.007 0.736 0.527 ©.705 1.106 
II.o 1.314 0.928 0.679 0.565 I.204 0.935 0.713 0.905 1.312 
II.5 1.525 1.120 0.854 0.735 I.409 1.130 0.804 1.103 1.515 
12.0 1.733 r.308 I.024 0.898 1.611 1.320 1.069 1.388 1.714 
12.5 1.938 1.401 1.189 1.054 1.812 1.505 1.237 1.580 1.908 
13.0 2.141 1.668 1.348 1.205 2.010 1.684 1.398 1.767 2.007 
13.5 2.339 1.839 I.502 1.351 2.204 1.857 1.552 1.949 2.281 
14.0 2.532 2.003 1.649 I.4Q1 2.394 2.023 1.700 2.127 2.461 
14.5 2.720 2.160 1.789 1.625 2.5790 2.182 1.841 2.301 2.636 
I5.0 2.902 2.310 1.922 1.752 2.760 2.334 1.976 2.471 2.805 
Tes 3.078 2.453 2.048 1.873 2.936 2.480 2.105 2.636 2.966 
16.0 3.248 2.5890 2.167 1.988 3.105 2.620 2.227 2.705 3.120 
16.5 3-412 2.716 2.279 2.005 3.269 2.754 2.342 2.948 3.269 
17.0 3.571 2.836 2.384 2.104 3.427 2.881 2.4490 3.005 3-411 
17.5 3.725 2.950 2.482 2.287 3.580 3.001 2.549 3-237 3-547 
18.0 3.874 3.058 2.573 2.374 3.726 3-115 2.643 3-373 3.677 
18.5 4.017 3.159 2.657 2.456 3.865 3.222 2.730 3-502 3.800 
19.0 4.153 3-253 2.734 2.531 3.998 3.321 2.808 3.626 3.916 
19.5 4.282 3-339 2.803 2.507 4.124 3-413 2.878 3-744 4.026 
20.0 4.405 3-417 2.864 2.054 4.242 3.498 2.940 3.857 4.131 
20.5 4.522 3.487 2.917 2.702 4.353 3.576 2.005 SAO Tecan ne 
21.0 4.631 3-547 2.961 2.743 4.458 3.647 3.042 BOOy Ailaecotes . 
@ |—5.055 |—5.244 |—5.179 |—5.131 |—5.520 |—5.185 |—5.303 |—5.134_ |—5.0r0 
b |+0.703 |+0.715 |+0.688 |+0.669 |+0.744 |+0.704 |+0.706 |+0.6796 |+0.7130 
¢ |—0.0115 |—0.0141 |—0.0143 |—o.0140 |—0.0128 |—o.0135 |—0.0147 |—o.0115 |—0.0128 
m, | 30.6 25.4 24.0 23.9 29.1 26.1 24.0 29.6 27.8 


applicable. The values of the coefficients a, 6, and ¢ are to be 
found at the bottom of Table XXII, and the corresponding repre- 


sentation, in the sense Table XXII minus formula (4) in Table 
XXIII. 
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The failure of the quadratic formula for the brighter stars is not 
unexpected, for the following reason. We have the general relation 


Te dm= Kaa { ¢(M)A(p)p*dp (5) 
where K is a constant, #(M) the luminosity function, and A(p) 
the density function. Table III of Contribution No. 271" shows that 
practically all the stars brighter than m=12 or 13 have absolute 


TABLE XXIII 


dm 
(Table XXII minus Eq. (4); unit =0.001) 


dN 
m 
REPRESENTATION OF LoG (2 BY QUADRATIC FORMULAE 


PHOTOGRAPHIC GROUPING 


Vis. Gr 

m 0°90" 
om 30° 60° fete) o°-20° 20°-40° | 40°-g0° | o°-g0° 

II +28 +13 +20 +31 +89 +10 +29 +45 +28 
12 + 8 + 2 + 6 +17 +46 + 1 +17 +23 --II 
13 + 1 ° ° + 5 +ar — I + 7 +10 + 1 
14 — 1 + 1 — 1 fo) +7 — 2 ° + 1 —2 
15 ° RE ar = 8, ° Ng, te — I ° 
16 ar =r 43 = 1 ope ee — 3 13 — 1 ahs 
17 — I fo) ° — 2 — 2 ° — 2 fo) — 1 
18 + 1 fe) + 1 — I + 1 — 2 + 1 ° ° 
19 am Gee) ae Sal Geel Se kel See ae fe) ° 
20 CO Peon ee ae eS Oa Mh eM ot ey fh 
21 pic eee em eA ere Ode Toe Gott eo codon 


magnitudes brighter than M@=8. Further, in Contribution No. 273? 
it is shown that the luminosities of all such stars can still be repre- 
sented approximately by a quadratic exponential in M. If now it 
were possible to represent the derivative in the left-hand member 
of (5) by a quadratic exponential in m, we should have for A(p), 
according to Schwarzschild’s theorem, a quadratic exponential in 
log p, which is impossible, since the space density of stars is not 
zero for p=o. Hence, for the bright stars, at least, the assumption 
of a quadratic exponential for dN,,/dm is not justified. 

In view of the probable complexity of the analytic form of the 
luminosity and density functions, it is, in fact, surprising to find 


t Astrophysical Journal, 59, 11, 1924. 2 Ibid., 59, 310, 1924. 
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that a simple expression for dN,,/dm or its logarithm is applicable 
at all. That such is the case for the faint stars probably means that 
the variation of A(p) is relatively simple for large values of p, so 
that the quadratic exponential in log p applies to a great range in 
distance, and further that the deviations of the luminosity function 
from a Gaussian curve do not seriously affect the values of Nim 
calculated by (5) until a very low limit for m is reached. 


Q. TOTAL NUMBER OF STARS AND GALACTIC CONCENTRATION 


The total of 890,000,000 stars to the twenty-first photographic 
magnitude, or a round billion to the twentieth visual magnitude, has 


TABLE XXIV 


CoMPARISON OF LoG Ny, FOR o°-90° wiTH RESULTS FROM Ea. (6 
m 9 


m Cal. Log Vin tyra ba m Cal. Log Njn Table VIL 
we 1.472 —0.045 17 Sock 0.000 
13 1.827 — .009 18 3-539 000 
14 2.196 000 19 3.824 000 
TS 2.558 + .oor 20 4.090 = sOOE 
J 22995 7.000 21 4.334 0.000 


already been given. The run in the differences in Tables XVII and 
XXII reflects what has long been accepted as a demonstrated fact, 
namely, that the total in the system is finite. Attempts to evaluate 
this total presuppose that the relation between NV, and m defined 
by the stars within observational reach applies also to the invisible 
luminous stars. The preceding section suggests how precarious such 
an assumption must be, but in the absence of any other method of 
procedure, we make the assumption tentatively, and write for the 
total in the system 


+0 I 
N =0.053 f goa othe tom) a (6) 


—0 


The fact that (4) does not hold for m <12 or 13 can be disregarded, 
since the number of stars brighter than this limit is an insignificant 
percentage of the total. The limiting magnitude, mo, above which, 
in accordance with the assumed validity of (6), one-half of the 
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stars are found, is equal to —b/2c. Its values for different galactic 
latitudes are given in the last line of Table XXII. 

The formulae for the evaluation of (6) are well known.” As a 
preliminary, they may be used to test the accuracy of the results 
for log (dN,,/dm), o°-90°, in the ninth column of Table XXII by 
integrating (6) to the upper limits m=12, 13, .... 21 (without the 
numerical factor, however) and comparing the resulting values of 
log Ni» with those in Table XVII. Below m=13 the differences, 
which are shown in the last column of Table XXIV, are insignificant. 

Integrating, now to m=-+ 00, we find 


N=3.66X10". (7) 


The total can also be found from the data for a grouping accord- 
ing to visual magnitude given in the last column of Table XXII. 
The result is 


N=3.53X10". (8) 


Further, the zones o°—20°, 20°-40°, and 40°-90° can be treated 
separately, the numbers for the zone totals being summed to obtain 
the total for the system. This gives: 


o°-20° N,=2.84X 10" 
20 —40 N2z=0.12X10" 
40 —90 N3;=0.02X 10" (9) 


© —9o N =2.98X10” 


Results (7), (8), and (9) agree within the uncertainty of the 
calculation. That under (9) is perhaps the most reliable, and we 
adopt simply 

N=3X10" (10) 


as the total number of the stars in the system on the basis of the 
assumed validity of equation (4). 
Finally, by omitting the numerical factor in (6) and applying 
the formula to the data in the second and fifth columns of Table 
* See, for example, van Rhijn, Groningen Publication No. 27, p. 23. 
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XXII, we find the numbers of stars per square degree to the limit 
of the system in latitudes o° and go°. The results are 


No=5,320,000; Noo=7160. (11) 
The corresponding totals to m= 21 from Table XVII are 
No=73,600; No=1670. (12) 


The totals for the three zones under (9) are remarkable in that 
they assign 95 per cent of all the stars to a region within 20° of the 
galactic plane, and less than 1 per cent to that third of the sky 

TABLE XXV 


GALACTIC CONCENTRATION; RATIO OF Ny, FOR 0° AND 90° 


m Ratio m Ratio m Ratio 
4 3.4 Io 4.3 16 1352 
5 cee | ie 4.8 17 16.6 
6 3.4 12 5-6 18 2t.1 
7 2 13 6.8 19 270 
8 3.6 14 8.4 20 34.4 
9 3.9 15 10.4 21 44.2 


between 40° and 90° of galactic latitude. The numbers (11) and (12), 
however, well illustrate the hazardous character of the extrapolation 
involved in the unrestricted summation of equation (6), for even 
in the direction of the poles of the Milky Way, less than a fourth of 
the estimated total number of stars is within reach of observation, 
while in the Milky Way the fraction is only one-seventieth. Future 
revisions and extensions of the observational data may therefore 
produce large changes in these rather speculative results. 

The ratio of the numbers (11), which is over 700, emphasizes 
the enormous galactic concentration for the stars as a whole already 
suggested in connection with (9). For the interval of brightness 
covered by the final distribution table, the values of the concentra- 
tion (ratios of Ni, for o° and go°) are as given in Table XXV. 


Io. TOTAL AMOUNT OF STARLIGHT 


The total amount of starlight in terms of the light of a star of 
magnitude 1.0 is easily obtained by a numerical integration based 
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on the data in the last two columns of Table XXII. Any value of 
dN,,/dm is sensibly equal to the number of stars in the interval 
m— to m+3; and the addition of 0.4 (1 —m) to log (dN,,/dm) gives 
the logarithm of the amount of light contributed by the stars in that 


0.4 
interval. For m>13, equation (6), with the factor gioa.*—™) inserted 
under the integral, can also be used for the calculation. The results 
per square degree for the successive intervals m—} to m+ are given 
in Table XXVI. The amount contributed by the brightest stars is 


TABLE XXVI 
AVERAGE LIGHT OF STARS PER SQUARE DEGREE 


(Interval=m—# to m+4; unit=a star of mag. 1.0, int. scale) 


m Photo. Visual m Photo. Visual 
fe) 0.00033 0.00038 I2 0.00098 0.00204 
I 38 O50 13 93 200 
2 44 062 I4 85 182 
3 51 075 15 74 160 
4 58 Ogr 16 62 132 
5 66 IIo L7 50 102 
6 74 129 18 37 076 
7 81 148 ne) 27 052 
8 89 166 20 18 034 
9 04 186 2 I2 O21 

Io 08 200 21.5-00 0.00016 0.00025 

II ©.00099 ©.00204 Pires aT 

Total 0.01397 0.02647 


so small that the extrapolation of log (dN,,/dm) upward to m=o 
introduces only a small uncertainty. 
The totals for the whole sky are: 


(13) 


Vis. light= 1092 stars of vis. mag. 1.0 int. scale 
Pg. light=577 stars of pg. mag. 1.0 int. scale 


The first of these values may be compared with results of direct 
measures of the visual brightness of the sky: 


Van Rhijn*—1440 stars of vis. mag. 1.0 Harv. scale 
Yntema*—1350 stars of vis. mag. 1.0 Harv. scale (4) 


* Groningen Publication No. 31, 1921. 2 [bid., No. 22, 1909. 
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The best indication as to the relation between the units in which 
the results are expressed is that? 


Harv. mag. 1.0=0.92 int. scale. (r5) 


Allowance for color equation would reduce the value on the right 
probably by 0.03 or 0.04 mag., so that altogether the discrepancy 
between (13) and (14) is even larger than appears on the surface. 

It is difficult, at present, to say anything conclusive as to the 
origin of this difference. Table XX VI shows that the stars fainter 
than the twentieth visual magnitude, which according to the 
estimate in the preceding section comprise 97 per cent of all the 
luminous stars, contribute only about 3 per cent of the total amount 
of starlight. Whatever the uncertainty in number of stars in the 
system as calculated by (6), it is not likely, therefore, to affect 
seriously the calculated total of starlight. Since, further, as shown 
by Table XXVI, the maximum amount of light is contributed by 
the stars of the eleventh and twelfth magnitudes, it is improbable 
that the discordance lies wholly in the residual errors in the magni- 
tude scale. The assumption of a constant scale error, which is 
equivalent to throwing the whole difference into the units, would 
require the substitution of 


Harv. mag. 1.0=1.25 int. scale (16) 


for the probable relation (15), in order to reconcile the results of 
van Rhijn’s measures with those found here. 


Mount WILSON OBSERVATORY 
August 1925 


t Mt. Wilson Contr., No. 288; Astrophysical Journal, 61, 284, 1925. 
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ON THE STRUCTURE AND ORIGIN OF SOLAR 
MAGNETIC FIELDS 


By SVEIN ROSSELAND:* 


ABSTRACT 


Discussion of solar magnetism on the basis of ordinary electrodynamics and electron 
theory. —The first section of the investigation discusses the observations of the general 
magnetic field. It is pointed out that the current picture of the general magnetic field 
as being similar to that of an elementary magnet in each level, while the field-strength 
varies rapidly from level to level, is irreconcilable with ordinary magnetic theory. An 
alternative, not suffering from this disadvantage, is discussed. The second section con- 
siders the origin of the magnetic fields. It is shown that the motion of an ionized gas 
must, in general, be accompanied by an electric current, even if, macroscopically, the 
gas is electrically neutral. This effect, as well as others, appears to be much too small to 
account for the large values of the field found by observation. If the solar substance 
emits long-range B- or a-particles, the situation would be more favorable for an ex- 
planation, although we should have to contemplate very extreme conditions in order to 
explain solar magnetism in this way. 


Through the extensive work of Hale and his collaborators at the 
Mount Wilson Observatory it has become an established fact that 
sun-spots are the seat of intense magnetic fields the strength of which 
may amount to several thousand gausses. The magnetic field in a 
spot is generally centrally symmetrical around an axis perpendicular 
to the sun’s surface, and coinciding with the center of the spot. 
Judged from an investigation by Hale, Ellerman, Nicholson, and 
Joy,’ the detailed structure of the field does not seem to deviate 
much from that of a single magnetic pole, or from the field corre- 
sponding to the superposition of a small number of such poles with 
parallel axes. This would mean, in general, that the electric current 
generating the field must circulate in approximately circular paths 
with the spot as a center. A complete investigation of-the spatial 
distribution of magnetic intensity might give important information 
about the localization of this current; but, for the moment, observa- 
tion does not appear to permit more definite conclusions on this 
point. 


t Fellow of the International Educational Board 1924-26. 


2 Mt. Wilson Contr., No. 165; Astrophysical Journal, 49, 153, 1919 
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In addition to these local fields, the sun possesses also a general 
field, symmetrical around an axis which is but slightly inclined to the 
main axis of the sun’s rotation. The strength of this latter field ap- 
pears to average about 4o gausses just above the photosphere and 
to decrease so rapidly with increasing height as to be less than 10 
gausses at a distance of 500 km above the photosphere.* Although 
the available observations are scarcely accurate enough to warrant 
definite conclusions to be drawn about the detailed distribution of 
the general field over the solar surface, we shall discuss this question 
a little more closely in the following section. 

Constitution of the general magnetic field of the sun.—The observa- 
tions on the general magnetic field of the sun are based on measure- 
ments of the Zeeman effect of solar lines. Because of the feeble inten- 
sity of the field and the width of the lines, it has in no case been possible 
to observe separately the magnetic components into which a single 
line is split up in the presence of the field. Under the particular ob- 
servational conditions at hand, however, the superposed intensity of 
all components will not have its maximum at the same place as the 
line without the field, but will be displaced by small amounts pro- 
portional to the component of the magnetic force in the line of sight.? 
Under strictly stationary conditions it would thus be impossible by 
such observations to determine all components of the magnetic field. 
In the case of the sun, however, the determination of all components 
is possible, in principle, because the earth {s moving around the sun, 
and the sun rotating around an axis which makes a finite angle with 
the perpendicular to the plane of the ecliptic. It can scarcely be 
doubted, however, that the observations do not determine all com- 
ponents with the same precision, as the magnetic field is found to be 
axially symmetrical, with its axis only very little inclined to the axis 
of rotation of the sun, while this latter is but little inclined relative 
to the axis of the ecliptic. In the limit, when all three axes are paral- 
lel, the component of the magnetic field which is parallel to the axis 
of symmetry would practically escape observation, and it follows 
that for small values of the inclinations the determination of this 

*G. E. Hale, F. H. Seares, A. van Maanen, and F. Ellerman, Mt. Wilson Contr., 
No. 148; Astrophysical Journal, 47, 206, 1918. 

? Cf. F, H. Seares, Mt. Wilson Contr., No. 72; Astrophysical Journal, 38, 99, 1913- 
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component becomes especially difficult. This difficulty can be re- 
moved very simply by the application of general magnetic theory. 

Denoting the magnetic field-strength by H (considered as a 
vector) this theory requires that 


div H=o, (x) 


under all conditions, provided a small correction for the possibly 
finite value of the magnetic susceptibility of the substance in ques- 
tion may be neglected. Under stationary conditions the equation 


curl H=4rI (2) 


is also valid, I being the electric current-density. Assume the cur- 
rent generating the magnetic field to be situated within a finite por- 
tion of space in the vicinity of the origin of co-ordinates, a condition 
which corresponds to the case of the sun. When the x- and y-com- 
ponents of the field are known, we obtain the z-component from (1) 


in the form 
H,= | (9H,/89x+9H,/Iy)dz+a. , (3) 


where a is an arbitrary function of x and y. The magnetic force must, 
however, be zero at an infinite distance from the system, and we are 
therefore compelled to put a=o everywhere. The component paral- 
lel to the axis of symmetry is therefore given uniquely as soon as the 
component perpendicular to this axis is known. On the other hand, 
when the observations are extended to all three components, the 
foregoing considerations should afford a useful check on the inter- 
pretation of the observations. Thus the measurements of the solar 
magnetic field are reported to be compatible with the view that this 
field, measured in a particular level, is similar to that of an elemen- 
tary magnet situated at the sun’s center with its axis directed nearly 
parallel to the sun’s axis of rotation. Ascending from lower to higher 
levels, the field intensity decreases very rapidly.1 The components of 
the magnetic force would then be given by the expressions 


H=x2A,;; Hy=yzAy, (4) 


a (ety 2)A/3; Poet e te, (5) 


«Cf. G. E. Hale, F. H. Seares, A. van Maanen, and F. Ellerman, Mt. Wilson 
Contr., No. 148; Astrophysical Journal, 47, 206, 1918. 
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where A, is a function of r which decreases very rapidly with increas- 
ing height above the photosphere. By (1), (4), and (5) we obtain 


a) 
div H=22/ 374q (15A,) : (6) 


This expression vanishes only for 75A,=constant, corresponding to 
the case of an elementary magnet, which in turn would correspond 
only to an insensible change in the magnetic field from level to level 
in the solar atmosphere. The requirements of equation (1) thus ne- 
cessitate a reinterpretation of the observational results; either the 
conclusion that the magnetic field-strength decreases rapidly with 
increasing height in the atmosphere must be given up, or the similar- 
ity of the field in a particular level to that of an elementary magnet 
must be doubted. 

There seems to be a way to escape from this dilemma without 
violating the results of observations. On account of the small in- 
clination of the axis of symmetry to the axis of the ecliptic, the ob- 
servations are essentially concerned with the «- and y-components 
only, while the z-component enters the problem in terms having 
coefficients so small that it probably does not influence the result 
materially. The component H, is thus practically outside of direct 
observational control, and we are at liberty to adjust its value in 
such a manner that equation (1) is satisfied. In this way we obtain 
for H;, on using (3) and (4), the expression 


Hy=—(2+y*)A,+2%)A,adz . (7) 


If i denotes a certain length which is a function of r and z and of 
the order of magnitude of the height of the solar atmosphere, equa- 
tion (7) may be written in the form 


H,=— (-+y—I)A, . (8) 


Except for a region close to the poles, ? must be negligibly small 
compared to 2*+y*. A comparison between (4) and (7) shows, 
therefore, that at the magnetic equator the corrected field-strength 
is about three times as large as that given by (5), and that the lines 
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of force run nearly parallel to the solar surface within the whole 
region covered by observation. 

If the measurements of the magnetic field of the sun in different 
levels could be made with great precision, it would be possible, by 
application of equation (2), to decide whether the solar atmosphere 
is the seat of electric currents or not. This analysis, applied to the 
magnetic field of the earth, leads, as is well known, to the result that 
the currents generating this field are localized, primarily, in the 
earth’s interior. In the case of the sun conditions seem to differ 
essentially from those on the earth; and if the strong decrease of 
magnetic field-strength with increasing height in the solar atmos- 
phere be accepted as an observational fact, strong electric currents 
must necessarily exist in the atmosphere. Assume, as an illustration, 
the general magnetic field to have the constitution determined by 
(4) and (8). By (2), we then obtain the following expressions for the 
rectangular components of the current density 


L=—Iopy/r; Ly=feeéfr; Tg=o; axlIo=r9A,/ort+rA,. (9) 


The current thus flows along the magnetic parallels, the current 
density being given by 


I=I, cos 0, (10) 


where @ is the magnetic latitude of the point in question. The condi- 
tions are thus as though the current were produced by uniform rota- 
tion of a spherically symmetrical distribution of electricity in the 
atmosphere. The dominating term in the expression of J, is negative, 
and it follows that the electron current flows in the direction of rota- 
tion of the sun. The magnetic field due to a uniformly charged 
rotating sphere corresponds to that of an elementary magnet out- 
side the charged surface, and is constant in strength and direction 
(parallel to the axis of rotation) inside the surface. The field given 
by (4) and (6) is, however, essentially different from the field in the 
electric layer of a uniformly charged, rotating sphere; and the fore- 
going results would mean, if taken literally, that the solar field is 
largely generated by electric currents which are localized below the 
reversing layer. The precision of the observational results is, how- 
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ever, scarcely great enough for conclusions of this kind to be war- 
ranted for the moment. 

Origin of electric currents producing solar magnetism.—Apart 
from such minor uncertainties as are discussed in the preceding sec- 
tion, the existence and general character of the solar magnetic fields 
are established beyond doubt. The origin of the fields, on the other 
hand, appears to remain essentially in the dark, and in this section 
we shall take up a general discussion of this question, on the basis of 
ordinary electromagnetic theory as applied to free electric charges. 
The result of the investigation turns out to be essentially negative, 
but it is hoped that a detailed discussion of the difficulties may serve 
a useful purpose. 

A stationary magnetic field is, according to ordinary electro- 
magnetic theory, always connected with a system of steady electric 
currents, and when the current-density is known throughout all 
space it is a simple process of integration to obtain the corresponding 
magnetic field. The possible kinds of steady electric currents are 
conveniently subdivided into three different classes: intermolecular, 
convectional, and galvanic. Solar magnetism might be assumed to 
be produced by currents belonging to any of these classes. It ap- 
pears, however, that the first two hypotheses may be eliminated. In 
fact, from known values of the atomic magnetic moments of differ- 
ent substances, combined with a liberal estimate of the gas density 
in the solar photosphere, it can be concluded that it is virtually im- 
possible to account for magnetism in sun-spots by assuming the 
atoms of the solar gases to be paramagnetic and to be all arranged 
parallel to a given direction. Moreover, this hypothesis ignores the 
fact that the systematic arrangement of the atoms would, in ab- 
sence of other causes, have to be brought about by rotation as in 
the well-known experiments of S. J. and L. J. Barnett; but the rota- 
tional velocity of the sun as a whole, as well as that presumable for 
the gases in the spots, is so small that any perceptible effect of the 
kind anticipated must be regarded as definitely excluded. The same 
argument may be raised against the hypothesis that solar magnetism 
is generated by convection currents. Assume, for instance, the sun’s 
general field to be generated by rotation of a uniform volume 
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charge. This charge would correspond to an electric field inten- 
sity at the sun’s surface of the order 10° volts per centimeter, and 
if this field were for a moment conceived as existing, the solar 
atmosphere would emit surplus ions with a rapidity which can be 
characterized best as an explosion. We are therefore forced to admit 
that solar magnetism must somehow owe its origin to galvanic cur- 
rents, i.e., to a real interdiffusion of free electrons through the mass 
of positive ions. 

_ For a closer discussion of this point it is convenient to consider 
the question from the point of view of diffusion theory, using for this 
purpose not the complicated, exact methods of Chapman and 
Enskog, but a short-cut method which more directly reveals the 
underlying physical phenomena. Consider a gaseous mixture of 
free electrons and positive ions moving in any manner. We shall 
write the hydrodynamical equation for the motion of the electrons 
parallel to the x-axis in the form 


NemMeduUe/ dt = =< OP,/Ix— Nepe/Ix— ay (x r) 


the equations for the motion along the other axes being of exactly 
the same form. In the foregoing equation m, denotes the mass of an 
electron, _ the number of electrons per unit volume, # the com- 
ponent of the arithmetical mean velocity of the individual electrons 
at the point x, y, z, at the time #, while the y- and z-components 
will be denoted by v, and ww; p-is the hydrostatic electron pressure 
which is given by 7.kT where k is Boltzmann’s constant, and T the 
temperature of the gas; ¢, is the potential of the external force 
acting on a single electron, while I’; is the «-component of the aggre- 
gate frictional resistance experienced by the electrons in unit volume. 
The equations of motion for the atoms will be of exactly similar 
form, and will be distinguished by an index a. Each frictional term 
is conveniently subdivided into two different parts, I; and T'%,, each 
of which proceeds from a specific source. Thus If, will be assumed 
to correspond to the viscosity which according to ordinary gas theory 
corresponds to a homogeneous gas, the expression of which is 


Dix = OD ,/0x+ OT ,/Oy+OD5,/ 2 , 
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where 


Oe 2 OuUe OV, IW, ; ee 9¢ Oe ° 
Te — 20g tial get get oe)? | Wye Ke Bat By ) (ey) 


IWe , We 


= = $+ 5) ’ 


and where x is a special coefficient of viscosity which will be con- 
sidered more closely later on. The second term I, refers to the 
additional interaction between electrons and atoms, which is due to 
the fact that the mean motions of the two different kinds of particles 
are in general not identical. It is easy to see that IZ, must depend 
essentially on the difference in mean velocity of electrons and atoms, 
as it must disappear when these velocities are equal. It can, more- 
over, be shown that to a high degree of approximation I%, will be 
proportional to a certain linear average value of the «-component of 
the relative velocity only.t The average in question will only in 
special cases be identical with an ordinary arithmetical average, but 
for the present purpose this distinction will be neglected by writing 


Ty. = Be(Ue— Ua) ; (13) 


where £, is an additional coefficient of viscosity. 

In an ordinary gas consisting of atoms which are electrically 
neutral, it offers no difficulty to derive approximate expressions for 
the coefficients x and 8. In fact, by ordinary gas theory, x is given by 


k=} nmr, (14) 


where c is the mean thermal velocity of an atom and d its mean free 
path defined in such a way that an atom moving a distance \ will, 
on an average, lose completely its momentum parallel to a fixed 
direction. In applications to the present problem, \ will signify the 
mean free path, defined in the foregoing manner, for an atom thread- 
ing its way through a mixture of two gases. By similar considera- 
tions we obtain 


B:= NyMyCz/ Ara ’ (15) 


*Cf. N. Bohr, Studier over Metallernes Elektronteori, pp. 20 and 21, Copenhagen, 
IgIl. 
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where \;, denotes the mean free path of an atom of the first kind 
relative to atoms of the second kind only, but otherwise it is defined 
in the same manner as X. 

In a gas consisting of free electrons and positive ions these 
considerations do not give the total friction. In fact, due to the slow 
decrease of the force with increasing distance between two particles 
as calculated from the inverse square law, it is not certain that the 
kinetic theory of the gas mixture can be founded on the hypothesis 
of random distribution of electrons relative to atoms, as is tacitly 
done above. Broadly speaking, the conditions may be described as 
follows: On following an individual particle in its Brownian movement 
through the gas we shall find that it constantly attracts particles of 
the opposite sign and repels particles of the same sign, as a conse- 
quence of which it will, on an average, be attended by a small atmos- 
phere of particles of the opposite sign. This atmosphere will only in 
exceptional cases be spherically symmetrical, and it will, therefore, 
in general exert an attraction on the specified particle, thus contrib- 
uting to the internal viscosity in a manner not covered by the two 
terms discussed above. The additional terms introduced in this way 
will, as regards the form, be expected to duplicate It, and It, plus a 
hydrostatic term, but the values of the coefficients involved may be 
essentially different from those given above. The analytical discus- 
sion of this electrical viscosity is given in the appendix, and it ap- 
pears that its effect is negligible for the problem at hand, as will be 
shown presently. 

In the current applications of statistical principles to electron 
theory, it is customary to neglect all frictional terms except the one 
given by (13), and a discussion of the equations of motion (11) leads 
then in a very simple manner to the ordinary results of the classical 
electron theory of metals as regards electric conductivity and 
thermoelectric phenomena. Thus in the presence of an electric 
field, electrons and positive ions will be set moving in opposite 
directions, and this case is taken care of by the presence of the term 
in (11) which gives the external force on the particles. By using (15), 
the expression for the electric conductivity of a metallic conductor 
given by Lorentz follows immediately, apart from a numerical factor 
of the order unity. For the problem in hand, a further consideration 
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of this case is of little interest, since an external field of force which 
will keep electrons running continually in a closed circuit in the sun 
against the resistance offered by the atoms is unknown to us. 

It will further be seen from (11) that an electric current may be 
produced by variations in pressure, a fact which is shown experi- 
mentally by the thermoelectric phenomena. Assume for a moment 
that an insulated metallic rod, as regards conduction of electricity, 
can be considered as consisting of fixed positive atoms between 
which electrons are free to move, being hampered in their motion by 
collisions with the metallic atoms only. If the rod is at a uniform tem- 
perature 7 and no external forces are acting, the electron pressure 
pe=nekT is a constant throughout the rod, except quite close to the 
surface where special forces must act to keep the electrons from 
escaping from the rod. Special consideration of the surface condi- 
tions are, however, unnecessary for the present purpose. Assume 
now that one end of the rod is cooled while the temperature of the 
other end is kept constant. Due to the decrease in p, at the cold end 
of the rod, electrons will begin to flow from the warmer to the colder 
regions, and a thermocurrent is brought into play which will tend 
to separate positive and negative charges, the former being assumed 
to be fixed. Finally, a state of equilibrium is attained in which the 
diffusion of the electrons enforced by the temperature gradient is 
exactly counterbalanced by diffusion in the opposite direction en- 
forced by an electric potential gradient dy /dx, etc., which from (11) is 
seen to be given by 


oy /dx= ~~ op./dx 5 ety (16) 


at any point inside the rod that is not so close to the surface that the 
neglected surface conditions play an essential part. 

It was once an idea of Hale’s' that similar processes might take 
place in sun-spots. Hale assumed that the primary phenomenon in 
the formation of a spot was a very strong and local lowering of tem- 
perature, which in turn would be expected to generate a radial 
electric current according to the principles considered above. If the 
spot was also a local hydrodynamic vortex, the stream lines of this 

*G. E. Hale, Mt. Wilson Contr., No. 71, p. 69; Astrophysical Journal, 38, 97, 1913. 
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current would, by hypothesis, be deformed into spirals, and the 
transverse component of the current thus produced would then give 
rise to an axially symmetrical magnetic field. 

There can scarcely be any doubt that thermoelectric phe- 
nomena of this kind must occur when a sun-spot is formed, and it 
may be shown that the difference between a gas and a solid metal 
does not change the conditions seriously. The essential difficulty in 
this theory seems to lie in the hypothesis that a radial current of the 
foregoing type would acquire a transverse component by rotation of 
the gases. In fact, superposing a rotation on the radial motion of the 
gases does not introduce any agency causing relative motion of 
electrons and atoms in a transverse direction, as the pressure 
gradient must be directed radially, irrespective of the spiral motion 
of the gases, The underlying conditions are, perhaps, best elucidated 
from the point of view of the circulation theorem as formulated 
by Bjerknes.* Suppose a certain closed curve to be drawn in the 
medium and to move as if it consisted of molecules belonging to the 
medium. The circulation, C, of such a curve is defined as the in- 
stantaneous line integral of the velocity of the medium taken around 
the given curve. 


C= S (udx+vdy+wdz) . (17) 


By forming the circulation of free electrons, C., and of positive 
atoms, Cz, separately, for a circular path with the spot as a center 
and situated in a plane perpendicular to the axis of the spot, it is 
clear that ,e(C.—Ca), divided by the length of the curve, will be 
proportional to the current density at the requisite distance from 
the center of the spot. The circulation theorem now states that the 
variation in C per unit time, which is due to the particular distribu- 
tion of pressure and density present, is, in ordinary vector notation, 
given by 

dC/dt=SS\VaVplndo , (18) 


the integral being extended to any surface bounded by the curve in 
question, a being the specific volume, If the vortex possesses circular 
Cf. Dynamics of the Circular Voriex, p. 9; Geofysiske Publikationer, 5, No. 4, 
Oslo, 1921. 
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symmetry, the curve will be situated completely on a surface of 
constant pressure as well as of constant density, and the foregoing 
integral will be identically zero. The distribution of pressure and 
density in the vortex will therefore have no influence on the circula- 
tion of such a curve, and hence it will have no tendency to impress a 
systematic horizontal motion on electrons and atoms, taken sepa- 
rately. On the other hand, the maximum circulation impressed, ac- 
cording to (18), will be for a curve in a vertical plane through the 
axis of the spot, thus leading to a congestion of electricity at the 
axis. The free charges produced in this way must very soon react 
on the current, just as in the example with the insulated rod, and a 
steady state must soon be reached in which the variation in elec- 
tronic pressure is balanced by an electric field. All things con- 
sidered, it does not seem likely that the magnetic fields in sun-spots 
originate by thermocurrents of the foregoing type, and we must look 
for some other cause, both for the problem of magnetism in spots, 
as well as for the general magnetic field, which latter under no cir- 
cumstances can be related to phenomena of the foregoing sort. 

Turning to the discussion of the electric currents produced by the 
forces of internal viscosity, it will be apparent that these forces are 
of such a kind as to set up currents without producing space charges 
(as was the case with thermo-currents), and therefore will last as 
long as the motion lasts that brings viscosity into play. To bring 
out this point clearly, consider the case of a straight circular vortex. 
This case will correspond to the motion of the sun as a whole, as well 
as to a symmetrical spot on the solar surface. The motion will be 
assumed to be quasi-stationary. Choosing the axis of rotation as a 
z-axis, and simplifying equation (1) according to the foregoing as- 
sumptions, we arrive at the following expression for the current 
density: 


nel 9 ox 9 a 
[=— 3 {5 (20+ 798 2 rat ora a) 5 =e, 9) 
where we have put 


k= Ke/’ NeMe— Ka/’ NgMe 5 B= Be/ NeMe+ Bo/ NaMa (20) 
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and where w is the angular velocity of the vortex at the point 7, 2. 
When the vortex rotates like a rigid body, w is constant, and by (19) 
I becomes zero, as it should be. It is essential to note that in the 
general case the direction of the current is not determined by the 
direction of rotation of the vortex, and that the vortex will, in the 
general case, consist of a system of annular current tubes, the sign 
of the current changing when passing from a specified tube to an 
adjacent one. Without detailed analysis it will be seen that the 
electric currents produced by internal viscosity are qualitatively of 
the type which appear to underlie the phenomena of solar mag- 
netism. As regards the sun-spots, the hypothesis requires the exist- 
ence of circulating motion of some kind around a spot, an assump- 
tion which seems to be compatible with observational results. To 
explain the existence of the general magnetic field in the same man- 
ner, it is necessary to postulate the existence of a universal wind 
system, extending over most of the surface or interior of the sun, 
since, as remarked above, the uniform rotation can produce no 
effect at all. The sun, however, does not rotate like a rigid body, as 
the angular velocity increases on passing from pole to equator, and 
the foregoing hypothesis would thus require the existence of a causal 
connection between the general magnetic field and the non-uniform 
rotation of the sun. 

The foregoing hypothesis seems to work well qualitatively, but 
very serious objections against it appear when attempting to develop 
a quantitative theory on this basis. It is for this purpose sufficient 
to consider a straight and infinitely long vortex of uniform composi- 
tion, taking x and @ as constants and w to be of the form G(r)z*/z?, 
where % is a certain constant with dimensions of a length. The trans- 
verse dimensions of the vortex will be assumed to be finite. On these 
assumptions the magnetic force inside the vortex will be a function 
of r only, which is zero at an infinite distance from the axis. Cal- 
culating the line integral of the magnetic force along a contour con- 
sisting of two coplanar straight lines perpendicular to and in the 
plane of the vortex axis, and two lines parallel to this axis, we find, 
on using (2), that the magnetic field-strength at a distance 7 from 
the axis is given by 

H=4r°{Idr , (21) 
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which, by (19) and by our assumption concerning the form of a, 
becomes 


t=n{ (2a-trget) +25 Grd} y=a4rnex/B . (22) 


The first term of this expression depends only on the state of the 
vortex at the point under consideration, while the last term depends 
on the constitution of the vortex in the entire region external to this 
point. Suppose it is possible to define properly a certain mean radius, 
R, of the vortex, and a certain mean value, G;, of G by the equation 


*)2G(r)rdr = G,(R?—1?) . (23) 
Equation (22) then transforms into | 
H=7} 2w,+1r0w,/9r+G,(R?—17) /22} . (24) 


The constitution of solar matter enters the problem through 
the single coefficient y. Since the electronic mass is very much 
smaller than the mass of an atom, the terms involving ma may 
be neglected in the expression of y. Thus for the case in which the 
effects of ionic forces are neglected and x and 6 are assumed to be 
given by the expressions (14) and (15), we obtain, approximately, 


Ye= FeMeNeNea « (25) 


For the case of the “electric” viscosity discussed in the appendix, 
the value of y is, as regards order of magnitude, 


ye=ne(?) ; (26) 


and the only essential difference between the two cases is seen to 
consist in replacing the mean free path by the mean thickness 1/k 
of the electric layer around an ion. 

An upper limit to the mean free paths \, and Ave may be obtained 
in the following way. Consider a region so far down in the photo- 
sphere that the atoms may be assumed to be all ionized, with V 
free electrons per atom. An electron moving with a velocity v and 
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colliding with such an atom, considered to be at rest, will be deflected 
through an angle 6 which is given by 


tan 6/2=Ne?/pmv? , (27) 


where # is the distance from the atom to the direction of the initial 
path of the electron. Consider all collisions for which 6>7/2 and 
for which, accordingly, p< fm=Ne?/mv?. The number of such col- 
lisions suffered per second by an electron of the type in question is 
1P?Ngv Corresponding to a mean free path 


A= m?04/aNgN7e4 (28) 


approximately. In addition to collisions of the foregoing type, the 
electron will also suffer collisions in which 0<7/2 and which, of 
course, will change the momentum of the electron to some extent. 
An upper limit to dea, as well as to »., is thus given by the above 
expression alone, provided it is averaged over all velocities. For the 
case of thermal equilibrium the mean value of (mv*)? is 15k?T?, and 
the upper limit to y, is accordingly 


Nee | 15k? I? \2 
y= ( 2) . (29) 


Introducing the expression of « (eq. 37 in appendix), we find 


Ye=kT/4ne(N+1). (30) 


It appears that for all cases of interest for the present problem, 
must be very small compared to y-. In order that ye=y- in the 
sun’s photosphere (T =6000°, N>1), the number 7. would have to 
be of the order 10”, a figure much larger than can be admitted on 
spectroscopic grounds, as well as on the basis of the known value of 
the sun’s mean density. It seems, therefore, safe to conclude that 
the electrical viscosity is immaterial to this problem. 

It is now frequently assumed that the pressure in the sun’s 
reversing layer is as small as 1074 atmosphere, which for T =6000°, 
N =1, would correspond to 7,= 10". The corresponding value of + 
is about 10° c.g.s., and a sensibly larger value is hardly permissible. 
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The terms in the parenthesis of (24) have dimensions of angular 
velocities, and, in order of magnitude, neither of them can be ex- 
pected to be greatly in excess of the angular velocity of the vortex 
itself at the point in question. Remembering that the magnetic field 
in sun-spots often attains values of several thousand gausses, and 
adopting the above value of ., we find that this theory would 
require a spot to revolve with an angular velocity of several million 
revolutions per second. This figure, which in itself seems prohibitive 
enough, is only a lower limit. It is easy to convince one’s self that 
the case is exactly the same for the general magnetic field. 

This result would seem to require careful consideration, for the 
foregoing discussion apparently covers all available possibilities. 
In fact, the deductions have been based partly on. the ordinary 
electron theory—including the validity of Coulomb’s law as applied 
to collisions between electrified particles—and partly on the assump- 
tion that the free electrons considered are in temperature equilibrium 
with the solar substance. Coulomb’s law may, for the collisions in 
question, be in error by minor amounts, but discrepancies such 
as would remove the difficulties are entirely out of question. 
Within the frame of ordinary electromagnetic theory there appears 
thus to be only a single possibility left for escape, viz., to assume 
that the electrons which are answerable for the magnetic fields are 
not in temperature equilibrium with the solar gases, and are capable 
of describing excessively long free paths; in short, that they are 
6-particles. Measurements of the mean range of homogeneous 
B-particles have been made by Varder.? In these experiments the 
velocities of the particles were about 0.85 of the velocity of light, and 
the mean range found corresponded roughly to the formula 


A= (2MgMq) ~* C..8. (31) 


For atomic weight 60 and m,z=10%, the value of \ is 5000 km. The 
range of such a particle is therefore enormous as compared with the 
mean free path of an ordinary electron, which under the same condi- 
tions and a temperature of 6000° would be of the order of 10 cm. Pro- 
ceeding in a manner analogous to the derivation of the coefficient of 


t Philosophical Magazine, 29, 725, 1915. 
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viscosity in gas theory, we find that the electric current density due 
to emission of 8-particles in a moving medium is given by an ex- 
pression which is practically identical with that used for the conduc- 
tion by free electrons, (19), provided the average range of a 6-particle 
is substituted for the mean free path of an electron, and, further, that 
the problem is still characterized by a constant y. Denoting the 
number of 6-particles emitted from the solar substance per unit time 
and volume by Qvz, and remembering that the mean time required 
by a particle with a velocity v to complete a range ) is \/v, we obtain 
Ne=Qngh/v, and, finally, as regards order of magnitude, 


Ye=MONae/30 « (32) 


By combination of (32), (31), and (24) it is now possible to estimate 
the upper limit Q~? of the mean life-period of the hypothetical ele- 
ment in question. We arrive in this way at the result that 07 can- 
not possibly be longer than a few years. This estimate might be 
increased, provided the particles in question were emitted with larg- 
er initial velocities than assumed above. On the other hand, the 
theory involves several unwarranted approximations which, when 
removed, would reduce the foregoing limit very seriously. The most 
important of these approximations is perhaps the implicit assump- 
tion that the particles travel in straight lines. In fact, due to the 
action of the magnetic field, the path of such a particle will be very 
strongly curved, and in just such a way as to reduce the intensity 
of the field. The effective range to be introduced in (32) is there- 
fore considerably smaller than the experimental value used above. 
In short, it does not seem likely that the foregoing estimate of 07? 
can be appreciably enlarged.‘ The conclusion follows that Q7? is 
of an entirely different order of magnitude from the life-period of 
a star, and that therefore the radioactivity in question, if existing, 
must differ essentially in nature from radioactivity as it manifests 
itself in terrestrial experiments. When we consider the balance of 
energy in a Star, difficulties still more serious arise. In fact, the 


t Note added in proof. In expression (32) the secondary ionization produced by 
the primary particles is neglected. This ionization, however, is considerable, each 
primary particle producing some millions of ions. The ranges of secondary particles 
are known to be relatively small, and it does not seem probable that a correction in 
this sense will essentially alter the conclusions in the text. 
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energy of a fast-moving §-particle is enormous as compared with 
the energy residing in a quantum of radiation of visible light; and, 
relatively speaking, a very small number of such particles emitted 
per second, so far within the sun as to be absorbed, would be suffi- 
cient to account for the total solar radiation. As far as may be 
judged from the foregoing simple theory, it seems that the emission 
of B-particles of median velocities necessary to explain the general 
magnetic field would require a much larger emission of energy than 
is compatible with the known luminosity of the sun. 

A way out of this difficulty, on the foregoing lines, is only attain- 
able by assuming the 8-particles in question to be very much more 
penetrating than any rays observed in terrestrial experiments, as 
theory would indicate that the range of such particles is proportional 
to the energy of expulsion,’ while the magnetic field-strength, ac- 
cording to the above theory, would be proportional to the square 
of the range. By increasing the range indefinitely and keeping the 
magnetic field-strength constant, it is thus possible to reduce the 
total energy emitted below any assigned limit. 

A further enlargement of the question does not seem profit- 
able at present. We have discussed in this paper the general 
problem of accounting for solar magnetism on the basis of ordinary 
physical theory. Although it is possible to construct a theory which 
qualitatively meets observational requirements, the quantitative 
discussion does not lead to conclusions which stand in any immediate 
relation to observational results. The question whether the sun can 
be assumed to emit extremely penetrating corpuscular radiation 
should be carefully looked into. On the other hand, we have no a 
priori reason for expecting ordinary magnetic theory to apply to 
cosmical phenomena in all details. Whether one view or the other is 
taken, it seems rather certain that solar magnetism cannot be ac- 
counted for on the basis of physical facts with which we are com- 
pletely familiar from ordinary terrestrial physics. 


APPENDIX 


Electrical stresses in an ionized gas.—Since electrical viscosity is 
due to the systematic distribution of particles of opposite sign in a 
1 Cf. N. Bohr, Philosophical Magazine, 30, 594, 1915. 
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moving gas, we shall follow, in deriving a first-order expression for 
the coefficient, a method first used by Debye and Hiickel in the 
theory of electrolytes. Consider an ionized gas consisting of free 
electrons and positive ions of 7 different kinds, the charge on an ion 
of the 7th kind being Vie, where —e is the charge on an electron. The 
mean value of the electric potential at a point x, y, z, relative to a 
co-ordinate system which is fixed with respect to a particular ion, 
we denote by w and assume that it is, to a first approximation, given 
by Poisson’s equation 


r 
Vv= —are=niN; , (33) 


where 7; is the mean number of ions of the ith kind per unit volume 
at the point «x, y, z, and where the free electrons are regarded as a 
particular kind of ions. In a state of equilibrium, the numbers 1; 
will be determined by the competing action of the electric forces, the 
motion of the gas, and ordinary spontaneous diffusion. Let V be the 
mean value of the vectorial velocity of all particles in the vicinity 
of the point in question. The mean velocity of each specified particle 
will differ from V by small amounts. Thus spontaneous diffusion 
introduces an additional mass motion with a velocity 


Vi= —VvnjD;/n; = 


relative to the other gases, where D; is the coefficient of diffusion of 
the ions of the 7th kind. The electric forces will, on the other hand, 
induce a forced diffusion with a mean velocity 


Y= —a;N ieVW 5 


where a; is the mobility of the z-ions. The total velocity of these ions 
is thus 
Vi=V+Vi4+V}. 


By the equation of continuity, 


9(n;V*)/0t+div (njVi)=0, 
t Cf. Physikalische Zeitschrift, 24, 1, 1923. 
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we have that m;, under stationary conditions, is determined by the 
equation 


div (—D;Vni—aiNienVy+nV)=0. (34) 
If V is zero, this equation has the solution 


__ go —ajN jeb/D; 
ni=nje * * a 


(35) 
where x? is the value of ; at a point where y is zero. Since this ex- 
pression must coincide with the Boltzmann-Maxwell distribution 
law, it is necessary, as was first pointed out by Einstein, that 


Di/as=kT , (36) 


where & is Boltzmann’s constant and T the absolute temperature. 
We wish ultimately to determine y; and three simple cases will 
be considered. 
1. V=o.—The wm’s are then given by (35). Introducing these 
expressions in (33) and expanding the exponentials to the first order, 
we obtain 


Ve=Kp; «= 4re*DnzNi/kT (37) 
the solution of which, for an electric point charge Nje at the origin, is 
y=Njee—" 5 P=+4?+27, (38) 


2. V=const.—The specified ion is then moving relative to the 
gas with a velocity —V. By (33) and (34) 


4me 


Viy— (Sp znN | VY — axed (vniV) +5 


4re? 


Ep eine) - (39) 


To reduce this equation to a first approximation, we must assume 
ni=n;=constant in the left-hand term and neglect the last term 
on the right. The term in V we consider as a small correction and 
therefore we suppose 7; here to be given by (35) expanded to the 
first order, and the value of y involved to be given by (38). By 
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taking the direction of V as the axis of x, equation (39) reduces to 


the final form 
__ 41? 


2 2 = ° ao =< . penal oN2 i 
V(V7—-K =NiVo- 9, (¢ Ir); c= Tr =n;N3/D; . (40) 


This equation has the intermediate solution 
V=reNie e~"/r+NiVoXe—"/a2r , (41) 
which gives finally 
v=Nee e—9?/r+{1—2e" [er — 20 (e-* /re) }NiVoXe-"/ark?. (42) 


3. Ve=linear function of 2; Vy=V,=0.—We introduce a new 
co-ordinate system with axes parallel to the original axes, but moving 
with a velocity equal to the velocity of the fluid at the point in ques- 
tion. This problem leads to an equation of the form (40). All we 
need for the present is an intermediate solution corresponding to 
(41), and this is found to be 


WV« 
Vy=KnNie e"/r+ Nig Seeds ’ (43) 


where 9V/9z has been regarded as a constant. 

We are now prepared for the discussion of the electrical stresses 
in the moving gas. Consider the momentum parallel to the x-axis 
transferred per unit area by electrical forces from the upper to the 
lower side of a plane parallel to the «y-plane. We specify a certain 
particle, fixed at a distance ¢ below the given plane. The particle 
will be attracted or repelled by the particles above the plane with a 
mean resultant force the x-component of which we shall denote by 
fi and calculate by means of expression (43). Introducing a co- 
ordinate system with axes parallel to the original ones and with 
origin in the particle, we find for fi the expression 


fi=Nie/ an ( TMaedyae ; (44) 


where the integration is to be extended to the whole gas above the 
given plane. The value of V’y, however, will decrease so rapidly with 


459 


22 SVEIN ROSSELAND 


increasing distance from the particle that only a very thin layer of 
gas just above the plane will contribute appreciably to the integral 
in question. The first term on the right-hand side of (43) is sym- 
metrical with respect to positive and negative directions of «, and 
will therefore contribute nothing to the «-component of the force. 
The second term, on the other hand, corresponds to a distribution of 
electricity of opposite sign for the two directions, and will therefore 
in general determine a value of f‘ different from zero. Performing 
the integration, we obtain 

V; To 


Belt6e; $a) =23feMa—wfey udu. — (45) 


Tv 


fi=aN2009(z¢) 


Multiplying fi by v$ and integrating from {=o to f=, we obtain 
as an expression for the total momentum parallel to the «-axis trans- 
ferred per unit time and area through the plane in question, and to 
particles of the 7th kind only, 


3 rs) 
—Ti,=ameon N? = =/8x3 ; a= i\o(x)dx , (46) 


where a is a pure number of order unity. The coefficient of electric 
viscosity is, therefore, as regards first-order quantities, given by 


=n Nianec/8x . (47) 


The additional resistance experienced by an electric particle mov- 
ing with a velocity V through an ionized gas is simply obtained from 
(42). The first term in y is symmetrical and will give rise to no 
forces on the particle. Expanding the second term to first-order 
quantities, close to the origin, we find that the particle is acted upon 
by a force which is directed opposite to the velocity and equal to 


BEV =44V /7r0. . (48) 


The hydrostatic electric pressure might be calculated in an analo- 
gous manner, but has no interest for the present purpose.* 


Mount WItson OBSERVATORY 
July 1925 
* Monthly Notices, 84, 723, 1924. 
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PHOTOGRAPHIC STUDIES OF NEBULAE 
FOURTH PAPER 


By JOHN CHARLES DUNCAN 


ABSTRACT 


Studies of the form and structure of diffuse nebulae, both luminous and obscure, from 
photographs made with the 100- -inch and 60-inch reflectors. H alftone reproductions are 
given of photographs with the Hooker telescope of the dark nebula Barnard 86 and 
of uncatalogued nebulosities near a and y Cygni. The nebulosity between a Cygni and 
the America nebula is found to possess a number of interesting features. Two nebulous 
stars are found in the neighborhood of y Cygni. The spectra of one of these and of H.D. 
195255 situated at the edge of a dark marking in the nebula east of y Cygni are of late 
B type. The spectrum of H.D. 199178, situated on the line dividing a bright nebula from 
a dark one, is of type G5, and its spectroscopic parallax, determined by Mr. Adams, is 
o%ors. 

The study of the forms of the nebulae has been continued, mainly 
with the roo-inch Hooker telescope, at intervals since the publica- 
tion of the last paper’ of this series. Special attention has been given 
to the diffuse nebulae, both luminous and obscure, in the constella- 


tions of Sagittarius and Cygnus. 


The Dark Nebula Barnard 86 Sagittarii 


@=17%58"2, b=—27°52’ (1925) 
Negative A 180, Hooker telescope, 1921, June 6. Seed 30 plate, exposure 2}. 
Seeing poor, images large and elongated by atmospheric dis- 
persion. Illustrated in Hale’s The Depths of the Universe, 


page 47 
A 249, Hooker telescope, 1925, July 19. Eastman Speedway plate, ex- 
posure 2'30™, Seeing fair, images elongated. Illustrated in 
Plate XVII 
Discovered in 1883 with a 5-inch refractor by Barnard, who de- 
scribes it as “‘like a drop of ink on the bright sky,’” this object is 
probably the most striking in its visual appearance of all the dark 
nebulae. Especially so is the pocket at the south-preceding end, the 
edge of which is very sharp and which contains only two tiny stars, 
both of them too faint to be detected visually. The eastern border of 
the dark body is much less clearly defined than the western. About 10’ 
1 Mt. Wilson Contr., No. 256; Astrophysical Journal, 57, 137, 1923. 
2 Publications of the Lick Observatory, 11, Plate 50, 1913. 
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east of the center of the dark nebula is the bright open cluster N.G.C. 
6520, and south of this, as shown in the illustration, is a dark mark- 
ing that is less pronounced than the main nebula, and is not notice- 
able visually. The brightest star in the immediate neighborhood is 
H.D. 164562, visual magnitude 6.68, spectrum Ko, situated on the 
north-preceding border of Barnard 86. It is of a deep orange-red 
color that is very striking when seen in the great reflector. In the 
bright star-cluster also are a number of orange-colored stars. The 
background against which the dark nebula is seen seems to be com- 
posed of faint stars, and there is no evidence on the negatives of any 
bright nebulosity. 

At the latitude of Mount Wilson (+ 34°13’), objects having so 
great a south declination as this are always so near the horizon that 
the star-images, drawn out into short spectra by atmospheric dis- 
persion, appear elongated on all plates made with the Hooker 
telescope. 

A photograph made by H. D. Curtis with the Crossley reflector is 
reproduced in Publications of the Lick Observatory, 13, Plate VII, 1918. 


Portion of the Faint Nebulosity Preceding the North 
America Nebula (N.G.C. 7000 Cygni) 
a=20°49"7, d=+44°7’ (1925) 
Negative A 248, Hooker telescope, 1925, July 18. Aperture 84 inches. Eastman 
40 plate, exposure 3530 
A 252, Hooker telescope, 1925, July 20. Eastman Speedway plate, ex- 
posure 4545™. Illustrated in Plate XVIII 
The existence of faint nebulosity west of the America nebula is 
shown on the small-scale photographs of Barnard and Wolf and on 
plates taken with the 10-inch Cooke lens at Mount Wilson, but these 
photographs disclose only a little of the interesting detail. The sub- 
ject of the present study is the brightest portion of this nebulosity, 
which is situated nearly halfway between a Cygni and the “isthmus” 
of N.G.C. 7000. It is shown on the Cooke plate reproduced in my 
third paper,’ 30 mm from the right border and 64 mm from the 
bottom of the illustration. 
The character of the nebulosity is much the same as that of the 
* Mt. Wilson Contr., No. 256, Plate X; Astrophysical Journal, 57, Plate XIV, 1923. 
462 


Negative A 252 


PLATE XVIII 
N 


NEBULOSITY PRECEDING THE AMERICA NEBULA IN CYGNUS 


Photographed with the roo-inch Hooker telescope, 1925, July 20 
Exposure, 4545™ 


AT Pe a " . - S ae . 
Scale: t mm=14"2 (1.11 times that of original negative) 
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southern part of the America nebula proper, consisting of luminous 
nebulosity in streaks and filaments with numerous dark markings. 
It is well shown in Plate XVIII, which is a good reproduction. The 
brightest star in the illustration is H.D. 199178, visual magnitude 
7.56, situated 19 mm from the left edge and 69 mm from the top. 
In the lower right corner is the glow of light from 56 Cygni, magni- 
tude 5.5. The following features are perhaps especially worthy of 
notice: 

1. The slender dark marking, 2'5 long, with a faintly luminous 
core and with a faint star near the end, which extends into the bright 
nebula eastward from a dark gulf just about the middle of Plate 
XVIII. 

2. A similar, but shorter, dark indentation in the brightest part 
of the nebula, about 4’ south of the first. Below this are two still 
smaller dark bays. 

3. The long, parallel streaks of luminous nebulosity extending in 
a SE.-NW. direction across the upper left quarter of the plate. 

4. The patch of faint stars extending westward from H.D. 199178. 

5. The well-marked line of division between the bright and dark 
nebulosity that extends southward from the above-mentioned star. 

6. The irregularly curved, bright filaments at the south end of 
the brightest part of the nebula. 

The form of the luminous nebulosity has been likened to that of a 
pelican, the body of the bird being in the brightest part, the head 
rising nearly to the top of the plate, and the long, open beak extend- 
ing nearly to the left edge. 

Three spectrograms of the star H.D. 199178 are among those 
made with the spectrograph of the 60-inch telescope. The type is 
G5, as given in the Henry Draper Catalogue, but with unusually dif- 
fuse lines. Mr. Adams has kindly told me the result of his determina- 
tion of the absolute magnitude of the star from these spectrograms, 
which is 3.5. With the apparent visual magnitude of 7.56 given in 
the Henry Draper Catalogue, this indicates a parallax of about o%or5, 
corresponding to a distance of 220 light-years. Whether or not this 
star is associated with the nebula is of course doubtful, but its loca- 
tion at an abrupt turn in the edge of the luminous nebulosity is sug- 
gestive. 
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Faint Nebula Following y Cygni 
a=2025"5, d=+39°46' (1925) 
Negative A 273, 60-inch telescope, 1925, August 20. Eastman Speedway plate, 
exposure 2” 
A 278, Hooker telescope, 1925, August 22. Eastman Speedway plate, 
exposure 4". Illustrated in Plate XIX 

This nebula follows y Cygni by 6 minutes of time. It is shown 
53 mm from the left edge and 82 mm from the bottom of the re- 
production of Barnard’s photograph made in 1894 with the Willard 
lens. As shown in Plate XIX, it consists of a mottling of luminous 
and obscure nebulosities, a conspicuous feature being the large dark 
marking that extends southwestward from the prominent star, 
which is 43 mm from the left edge and 37 mm from the bottom of 
the plate. This star is B.D. +39°4206 =H.D. 195255, visual magni- 
tude 8.80. Somewhat separated from the main mass of nebulosity, 
15 mm from the right edge and 43 mm from the top of Plate XIX, isa 
nebulous star of the tenth magnitude, the nebulous character of 
which I believe has never before been recorded. Although not prom- 
inent on the photograph, the most conspicuous object seen by the 
eye in this field is the star 39 mm from the left edge and 44 mm from 
the bottom of the illustration, which in the field of the great reflector 
shone out startlingly with a deep red light. It was later identified as 
the variable star RW Cygni. ; 

On September 1, 1925, I secured a spectrogram of the nebulous 
star above referred to, and one of H.D. 195255, with the Cassegrain 
spectrograph of the Hooker telescope, using the rapid camera of 10 
inches focal length. Both spectra are of late B type. Mr. Joy, who 
examined them carefully, considers the brighter star to be of type 
Bg and the nebulous star to be somewhat earlier, perhaps B8. 


Faint Nebula North-Preceding y Cygni 


a=20814™1, 6=+41°38’ (1925) 
Negative A 281, Hooker telescope, 1925, August 23. Eastman Speedway plate, 
exposure 4%, Images elongated. Illustrated in Plate XX 


This nebula is 1/6 north of y Cygni, and precedes that star by 
5 minutes of time. It is shown 81 mm from the right edge and 94 mm 
* Publications of the Lick Observatory, 11, Plate 76, 1913. 
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from the top of the reproduction of Barnard’s photograph of 1894." 
It is quite similar in general appearance to the nebula shown in 
Plate XIX. A nebulous star appears 14 mm from the left edge and 
45 mm from the top of Plate XX. This is considerably fainter than 
the one on Plate XIX, and a spectrogram has not yet been made. The 
brightest star appearing on Plate XX is B.D. +41°36093, magnitude 
8.6, which is to mm from the left edge and 20 mm from the top. 
Mount WILSON OBSERVATORY 


AND WHITIN OBSERVATORY 
September 1925 


t Loc. cit. 
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